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Preface

Carrying out Ph.D. research and writing a thesis is a lengthy and extensive task, which cannot
be completed without the involvement and help of a variety of people and institutions. The
first and foremost preconditions to carry out research as well as any other activity are,
however, life and health. During my stay at the Electrical Power Systems Laboratory, both my
own personal life as well as that of some colleagues have shown that fulfilment of these two
preconditions is not at all obvious. All of a sudden, things can happen that turn one’s life
upside down and put the everyday university routine of teaching, research and publishing in a
completely different perspective. 
I believe that life and health are not determined by fate or fortune, but that they lie in the
hands of the almighty God. I therefore would like to express my gratitude to Him, Who has
carried me through the last four years and through my life until now and Who will guide me in
the future. 

An essential role has been played by my Ph.D. thesis supervisor, prof. ir. W.L. (Wil) Kling.
Four years ago, the research project started with the question “What is the impact of new
generation technologies on power system small signal stability?”. The title of the thesis has
finally become Wind Power: Modelling and Impact on Power System Dynamics. Starting
from the initial, premature research question, we have together travelled a voyage of
exploration rather than followed a straight path. During this voyage, we arrived at a number of
crossings which forced us to choose how to move on, without knowing very well where each
of the possibilities would lead us. Wil was always ready to discuss the different ways to
continue the work and to help assessing their merits in order to select the most promising
option. Furthermore, our discussions on topics other than the research project, such as the
restructuring of the electricity sector and the position of the various players both on a national
and international level, family affairs and, at the end of the project, the pros and cons of
various job opportunities have also been very stimulating and formative. Thanks a lot, Wil!

I also would like to thank a number of other people at the Electrical Power Systems
Laboratory. First, prof. ir. L. (Lou) van der Sluis is acknowledged for giving me the
opportunity to join his group in order to obtain a Ph.D., for the ideas and views he expressed
during the regular meetings, where Wil Kling, he and I discussed the progress of the research
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project, and for being a good travelling companion at a handful of conference trips. Ir. A.M.
(Arjan) van Voorden is thanked for his willingness to listen to lengthy exposés on a problem
that I encountered, its origins, the possible solutions and the merits of each of them. While
explaining the problem, I often came to a solution myself, which once again proves that
clearly structuring and precisely expressing a problem is the first and perhaps most important
step in solving it. 
My roommate Dipl.-Ing. M. (Marjan) Popov, M.Sc., Ph.D., is thanked for sharing with me the
ups and downs of the life of a Ph.D. student during these four years. Ing. J.M. (Johan)
Vijftigschild and ing. R.H.A.M. (Rob) Reijntjes, who has regrettably left our group during the
research project, are thanked for keeping my computer up and running and for writing
practicable Delphi programs to manipulate PSS/E™ cases and simulation results. Our
secretary, mrs. L.T.C.K. (Tirza) Drisi, is acknowledged for her practical assistance, which has
saved me lots of time and allowed me to concentrate on my research. My former students
Lejla Zubcevic, Eric-Jan Pons and Daniël Vree are acknowledged for their contribution to this
thesis and to the research project. The rest of the group is thanked for the good atmosphere
and the stimulating discussions on politics, traffic congestions, music and many other things,
particularly during our joint coffee breaks and lunches.

Also many people from outside the Electrical Power Systems Laboratory have contributed to
this work. Thanks go to ir. S.W.H. (Sjoerd) de Haan and dr. ir. H. (Henk) Polinder from the
Electrical Power Processing group of our faculty for explaining me the working principles of
variable speed wind turbines and for assisting in developing simulation models during the first
part of the project. Prof. dr. ir. G.A.M. (Gijs) van Kuik from the Delft University Wind
Energy Institute Duwind is acknowledged for stimulating the exchange of information
between Ph.D. students performing research on the various aspects of wind energy, such as
aerodynamics, control, electrical and civil engineering and for the many interesting
discussions we had together or with the three of us, including Wil Kling. His secretary, mrs.
S.M. (Sylvia) Willems is thanked for her hospitality. Drs. M.J. (Mirjam) Nieman is
acknowledged for checking the English language.

Ir. J.H. (Johan) Schuld and ing. F.J.C.M. (Frank) Spaan from TenneT bv, Arnhem, as well as
ir. H.B.N. (Huub) Pustjens, formerly with TenneT bv and now with KEMA T&D Consulting,
Arnhem, are thanked for helping me to get acquainted with the software package PSS/E™ and
for providing load flow and dynamic models of the Dutch power system and the UCTE
network, which were used for carrying out simulations with a practical power system. Three
wind turbine manufacturers, who want to stay anonymous, have provided measurements in
order to validate the wind turbine models, which is also very much appreciated. Ir. E.H. (Erik)
Lysen, drs. S. (Susan) Agterbosch and drs. H.M. (Martin) Junginger from Utrecht University
are thanked for their cooperation in the AIRE project, as a project leader and as fellow Ph.D.
students, respectively.
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Finally, I would like to thank some people with whom I have a relationship that is not in any
way linked to this thesis but is rooted much deeper. Amongst these are my parents, who raised
me and financially supported me until I finished my M.Sc. at the age of 22, thus enabling me
to devote myself to my studies at Delft University of Technology without having to worry
about such things as housing and earning a living. Further, my friend Jurrian Zijl, with whom
I have had many discussions when we lived in the same student house and also afterwards, on
such topics as being a Ph.D. student and dealing with a thesis supervisor, national and
international politics, the church and religion and many other fields. My good friend Alwin
Kaashoek is acknowledged for designing the cover of the thesis. 

Most of all, thanks go to my wife Hanneke for encouraging me during times when the
research was not running smoothly, but even more for sharing my life, as well as to my little
daughter Lidewij, who is not even yet aware of the existence of something like a Ph.D. degree
and the problems one encounters in obtaining it, but who is busy with much more important
things, such as learning to walk and to speak.

Han Slootweg 
Delft, October 2003
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Chapter 1

Introduction

1.1 RENEWABLE ENERGY

1.1.1 Electricity Supply

The availability of electrical energy is a precondition for the functioning of modern societies.
It is used to provide the energy needed for operating information and communication
technology, transportation, lighting, food processing and storage as well as a great variety of
industrial processes, all of which are characteristics of a modern society. Because the energy
for many of the technologies, systems and possibilities that are a property of the developed
world is provided as electricity, it can be presumed that there is a link between the level of
penetration and consumption of electricity on the one hand and various properties of a society
on the other. 
Research has indeed shown that there is a significant relation between economic growth and
even societal development in general, measured by indicators such as illiteracy and life
expectancy, and electricity consumption [1-3]. In figure 1.1 the economic growth, measured
by the Gross National Product (GNP) and the electricity consumption in The Netherlands are
depicted for the last 55 years as an illustration.

Figure 1.1 Gross National Product (dotted line) and electricity consumption (solid line) in
The Netherlands (source: CBS).
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The relation between economic and societal development and electricity consumption is
bidirectional. The availability of electricity greatly facilitates industrialization, because
electricity is a convenient way to replace human power by other sources of energy, which are
converted into electricity for transmission, distribution and consumption. Further, the
availability of electricity enables the application of modern technologies, such as information
and communication technology (ICT). All of this leads to large improvements in productivity
and thus to an increase in economic welfare. This increase in welfare in turn enables people to
pay their electricity bill and to buy goods that consume electricity, such as televisions,
computers and fridges, which leads to an increased electricity consumption. Hence, electricity
consumption is both a precondition to and a consequence of economic development and
growth.

Electricity is an energy carrier. It is generated in power plants, in which a primary energy
source is converted into electrical power. Examples of widely used primary energy sources are
fossil fuels, falling or flowing water and nuclear fission. An important drawback of generating
electricity from fossil fuels and nuclear fission, currently worldwide the most applied primary
energy sources for electricity generation, are the adverse environmental impacts, such as the
greenhouse effect caused by the increase of the CO2 concentration in the earth’s atmosphere
and the nuclear waste problem. Further, fossil fuel and uranium reserves are principally finite.
An additional disadvantage of using uranium and fossil fuels to generate electricity,
particularly for those countries which themselves do not have supplies of these primary energy
sources, is the dependence on other countries for supplying a critically important resource.
Countries with large primary energy supplies that are exporting to other countries could use
their control over the export as a means to exert pressure on other countries that are dependent
on these exports, e.g. to carry out or to stop certain activities or to support or reject certain
views. An example of the exertion of such pressure is formed by the oil crises, where Arabian
countries ‘punished’ some western countries for supporting Israel by no longer selling oil to
them.

Large scale hydro power plants that convert the energy in flowing or falling water into
electricity comprise a valuable alternative for thermal and nuclear power generation, because
they do not have the drawbacks of finite primary energy source supplies and emissions and
nuclear waste. Nevertheless, it is difficult to supply the world’s electricity demand completely
with large scale hydro plants. In developed countries, the available hydro power potential has
been utilized for a large part. In order to increase the share of hydro power in the electricity
generation in these countries, it would be necessary to construct hydro power plants at distant
locations, which are often difficult to access. 
Further, the transport of the electrical power to the load becomes increasingly difficult, both
because the cost and complexity of the transmission system increases due to the long
distances to be covered and because in some cases, politically unstable regions must be
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crossed, in which the risk of sabotage of the electricity transmission system exists. Finally, the
construction of dams and basins for hydro power generation causes the flooding of large areas
and thus destroys local ecosystems and sometimes forces many people to move. Thus,
although its primary energy supplies are infinite and it does not cause emissions or nuclear
waste, large scale hydro power has its own complications and negative environmental
impacts.

There exist other electricity generation technologies using renewable primary energy sources
that do hence not involve the disadvantages of nuclear and thermal generation. Examples are
wave and tidal power, solar power and wind power. In wave and tidal power plants, energy is
extracted from the waves and from the water flows caused by the tide. In solar power plants,
consisting of solar panels, sunlight is converted into electricity, whereas in wind turbines, the
energy contained in flowing air is converted into electricity.
Up to this moment, the contribution of these technologies to the demand for electricity is
rather modest. This is caused by two important drawbacks of these technologies. The first is
that the electricity they generate tends to be more expensive than that generated by the
conventional technologies mentioned above. The second is that in many cases, they are far
less flexible than conventional power generation, because the primary energy source from
which they generate electricity cannot be controlled. Note that this second disadvantage does
not apply to biomass generation.

1.1.2 Promoting Renewable Energy

As can be concluded from the last section, the main advantages of conventional thermal,
nuclear and hydro power generation are the price of the generated electricity and the
controllability and flexibility of their output. On the other hand, the main advantages of
renewable power generation are the usage of an infinitely available primary energy source
(such as sunlight, wind or biomass) and the less severe environmental consequences.
Worldwide, many governments tend to value the advantages of renewable power generation
more than those of conventional power generation. Hence, they support the expansion of the
renewable energy generation capacity in various ways, which basically aim at reducing both
disadvantages of most technologies for renewable energy generation: cost and lack of
controllability. 

The cost disadvantage is in most cases reduced by socializing the burden by some form of
cross subsidy. An example is forcing power companies to buy the power from renewable
sources at a guaranteed price which is not based on the actual value of this power, but which
is calculated such that the renewable energy project becomes ‘profitable’ for the developer.
Unless the power companies are able to sell this power as ‘green power’ at a premium price,
arrangements like this will lead to a general increase in the electricity price, as a result of
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which all consumers pay for the additional cost of electricity generated from renewable
sources. Another example are subsidies that are given to the developers of renewable energy
projects, which spread the burden associated with renewable energy over all tax payers. One
more approach towards reducing the cost disadvantage of renewable electricity is to impose
taxes on electricity from conventional plants, thus raising the cost of this electricity and
making it easier to compete for renewable energy. 

The controllability disadvantage is counteracted by excepting renewable sources from
contributing to maintaining the system balance. All generators that want to connect to a
network must meet the so-called connection requirements of the grid company. These contain
requirements that refer to the interaction between the generator and the grid. In order to be
able to keep the generation and consumption balanced, which is necessary for correct
functioning of a power system, among other things the controllability of generators is
addressed in these connection requirements. However, renewable sources are often exempted
to a certain extent or even completely from the requirements that concern the controllability of
the generated power. 
In this way, the drawback of uncontrollability is cancelled, at least seen from the point of view
of the project developer, who is now allowed to connect to the system without the need to take
additional measures to improve the controllability of the renewable sources, e.g. by using a
storage system or backup generator. In reality, the problem is of course transferred to the
operators of controllable generators, because the technical precondition that a balance between
demand and supply must exist is not affected by administratively changing the connection
requirements.

1.1.3 Wind Power as a Source of Renewable Energy

One technology to generate electricity in a renewable way is to use wind turbines that convert
the energy contained by the wind into electricity. The wind is an infinite primary energy
source. Further, other environmental impacts of wind power are limited as well. Although
they affect the scenery visually and emit some noise, the consequences of this are small and
ecosystems seem hardly to be affected. Further, once removed, their noise and visual impact
disappear immediately and no permanent changes to the environment have occurred. A wind
turbine generates the energy used to produce and install it in a few months so that the energy
balance over the life cycle is definitely positive [4]. 
Many of the turbine’s components can be recycled. The main environmental problem
associated with wind power are the rotor blades, which at this stage cannot be recycled but are
used in inferior applications, such as road pavements, after decommissioning of the turbine. 
When compared to other renewable energy sources, such as photovoltaics and wave and tidal
power, wind power is a relatively cheap source of renewable energy. Therefore, the promotion
of renewable energy by a number of governments has led to a strong growth of wind power in
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the respective countries. Examples are Germany, Denmark and Spain. Figure 1.2 depicts the
growth of wind power during the last decade in the US, Europe and the world. As can be seen,
the installed wind power capacity shows an approximately exponential growth: during the last
five years, annual growth has been higher than 30%. The reason that wind power is the
renewable energy source that seems to benefit most from stimulation regimes is that the cost
of wind power is relatively low when compared to other renewable energy sources.
 

Figure 1.2 Installed wind power capacity in the US, Europe and the world (sources:
European Wind Energy Assocation, Wind Power Monthly).

1.2 WIND POWER STATUS AND CHALLENGES

1.2.1 Wind Turbine Technology

Although the fundamental working principle of a wind turbine is straightforward, a wind
turbine is a complex system in which knowledge of various fields is combined. The design
and optimization of the blades requires profound knowledge of aerodynamics; that of the
drive train and the tower knowledge of mechanical and structural engineering, and that of the
controllers and the protection system knowledge of electrical engineering and control systems.
In this section, we only discuss the recent technological developments in the field. The
working principles of constant and variable speed wind turbines are covered in depth in the
next chapter.

Two major technological developments have recently taken place in the field of wind power
technology. Firstly, a substantial scaling up has taken place to further reduce the cost of wind
power: the individual turbine has become larger and so has the typical project scale. For
modern wind turbines of the multi-MW class, both the nacelle height and the rotor diameter
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are in the order of 100 m. Thus, at the vertical position, the blade tip can reach  heights of up
to 150 m. The development of the scale of individual wind turbines introduced on the market
is depicted in figure 1.3 [5].

Figure 1.3 Size and rating of wind turbines at market introduction [5].

The scale of typical projects has increased as well. The tendency has become to erect wind
parks or wind farms instead of solitary wind turbines or small groups of turbines. These parks
consist of several tens to even hundreds of wind turbines. Sometimes, these wind parks are
constructed offshore. The reasons why wind turbines are grouped in parks are that thus
locations with a good resource are used effectively and that the visual impact of the turbines is
concentrated in certain regions.

The second important development in the technology of wind turbines is the switch from a
constant speed generating system to a variable speed generating system. As is obvious, the
difference is that in a constant speed wind turbine, the turbine’s rotor revolves at a constant
speed whereas in a variable speed wind turbine, the rotational speed of the rotor can vary and
can be freely controlled, of course within certain design limits. 
As will be discussed in the next chapter, variable speed systems are technically more
advanced than constant speed systems. They consist of more components, need additional
control systems and are hence more expensive. However, they also have various advantages in
comparison to constant speed systems, such as an increased energy yield, a reduction of noise
emission and mechanical loads and a better controllability of active and reactive power.
During the last years, many manufacturers have switched from the conventional constant
speed concept to a variable speed concept.

1.2.2 Grid Connection of Wind Turbines

Although stand alone wind-battery or wind-diesel systems do exist, the majority of wind
turbines is erected in countries with an extended electricity grid and these are hence connected
to this grid. The grid connection of solitary wind turbines is relatively straightforward. The
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voltage at the turbine’s terminals is normally lower than the voltage of the grid to which it is
connected, leading to the need for a transformer. Further, switchgear is necessary to
disconnect the wind turbine in case of a short circuit or in order to prevent what is called
islanding, a situation in which a small part of the grid continues to operate with a local
balance between generation and load, but without being connected to the main system. A part
of a grid operating autonomously is referred to as an (electrical) island. The islanding
phenomenon will be treated more elaborately in section 5.3.4.

When wind turbines are grouped and erected in large wind parks, this opens up new
possibilities because it enables the integrated design of the three main subsystems of a wind
park: the turbines, the infrastructure within the wind park and the grid connection. Further,
because wind parks generate larger amounts of electrical power, they are connected at a higher
voltage level than solitary turbines. Because high voltage grids are less dense than low voltage
grids, this often means that the distance that must be covered to connect to the grid is larger.
This particularly applies to offshore wind parks.
As a result, in case of large wind parks, a DC (direct current) connection for connecting the
park to the grid may become feasible. First, the losses in conventional AC (alternating current)
connections, and thus the operating cost, increase more sharply with the length than is the case
with DC connections. Above a certain distance, using a direct current connection is hence
more favourable due to its lower operating cost, although the initial investment is higher. This
is caused by the fact that power electronic converters are necessary; the cables itself are
cheaper in case of DC than in case of AC due to the fact that two cables are necessary instead
of three and due to the lower insulation requirements for the same nominal voltage. Further,
the reactive current of a long AC cable seems to pose a technical limit to the length of AC
connections. Above this limit, DC technology may be the only feasible option. 
In the choice between AC and DC for connecting the wind park to the grid, the effect of this
decision on the turbines themselves should also be taken into account. When a DC connection
is used, the frequency of the power system and the internal wind park grid are decoupled. It
becomes therefore possible to vary the frequency of the park grid. This opens up the
possibility to operate constant speed wind turbines in variable speed mode, although all
turbines within the park have the same speed. Other possibilities are to use variable speed
wind turbines with a smaller converter or to use DC for the internal park grid as well [6].

1.2.3 Grid Interaction of Wind Turbines

The behaviour of a power system is for the largest part determined by the behaviour and the
interaction of the generators that are connected to it. The grid itself consists mainly of passive
elements, which hardly affect the behaviour of the system, and as for the loads, only those in
which directly grid coupled motors are applied have a significant impact on the behaviour of
the system.
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In wind turbines, generating systems that differen from the conventional directly grid coupled
synchronous generator which is traditionally used in power plants are applied. Due to their
different characteristics, these generating systems interact differently with the power system
than synchronous generators. This means that they respond to disturbances, such as changes in
terminal voltage and frequency or prime mover power, in a different way and that their
capability to contribute to grid voltage control may be less. Further, some aspects of the
interaction of the wind turbines with the grid are specific for the type of wind turbine that is
applied, particularly for wind turbines without and with power electronic converters, i.e.
constant and variable speed wind turbines.

As long as the contribution of wind power to the overall demand is small and the wind power
penetration is low, the behaviour of the power system will continue to be governed by the
synchronous generators, which still supply the largest part of the consumed electrical power.
Therefore, it will not differ significantly from the behaviour of power system without wind
turbines. However, when large numbers of wind turbines are connected to a system and they
replace a substantial fraction of the output of the conventional synchronous generators, they
will start to affect various aspects of the system behaviour. This will particularly be the case
during periods with low loads and high wind speeds, because in these situations the relative
contribution of wind power is at its maximum. 
As will be discussed in section 1.3, until this research project, little research had been done on
the subject at which penetration level the characteristics of the generating systems used in
wind turbines, which differ from those of grid coupled synchronous generators, start to affect
the behaviour of the power system. An important topic is for instance in which way wind
turbines do affect the system’s behaviour and which approaches can be used to mitigate any
negative consequences that might occur. This Ph.D. research project tries to answer some of
these questions.

1.2.4 System Balancing with Wind Power

Electricity cannot be stored in large quantities. Therefore, the amount of generated power
must always be equal to the sum of the demand for power and the losses in the power system:
the system balance must be kept. A sustained unbalance between generation and load leads to
large deviations of the system frequency from its nominal value of 50 or 60 Hz. This
endangers correct functioning of the system and leads to the operation of protection devices
that disconnect either generators or loads (depending on whether a frequency increase or
decrease is registered), in the latter case leading to interruptions of service.
Currently, the balance between generation and consumption, which is essential for the correct
functioning of an electrical power system, is for the largest part maintained by adapting the
generation to the load. The reason for this is that involving the load in the balancing of the
system is difficult, because the demand for electricity is very inelastic and the load is therefore
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rather inflexible. As long as the power generated by the power plants can be controlled, this is
not a principal problem, although the dispatch of the generating capacity, i.e. determining
which power plants should be operated to supply the load most effectively and efficiently
while taking into account fuel prices and the technical characteristics of the plant inventory, is
not straightforward at all. However, a significant contribution of generators whose output is
not controlled, such as the present wind turbines, poses a principal problem given today’s
system balancing practices, because such generators cannot contribute to maintaining the
system balance.

Generators whose output is not controlled (using either a renewable or a conventional prime
mover) can of course supply a certain part of the demand without causing problems for the
system balance. However, the more of such generators are connected to a power system, the
more controllable generators disappear and the more difficult it becomes to follow the
demand for electricity with the remaining controllable generators. 
The level up to which generators whose output is not controlled can contribute to the demand
for electricity without additional measures and the nature of and extent to which additional
measures must be taken in order to allow further growth of the contribution of such
generators, depends on many factors, such as: 
C the load curve of the system 
C the degree of correlation between the load and the availability of the primary energy

source used by the uncontrolled generators
C the characteristics of the remaining controllable power plants 
C the network topology
It is therefore not possible to make general statements with respect to the amount of
uncontrolled generation that can be incorporated in a power system without additional
measures, nor with respect to the exact measures that must be taken in order to further
increase their penetration level. Nevertheless, it is clear that increasing the penetration of
uncontrolled generators such as wind turbines eventually leads to problems in keeping the
system balanced.

1.3 RESEARCH OBJECTIVE AND APPROACH

1.3.1 Problem Statement

Local versus System Wide Impacts
As mentioned above, in wind turbines, generating systems different from the conventional
synchronous generator are used. The differences between the generating systems used in wind
turbines and the directly grid coupled synchronous generator are reflected in their interaction
with the grid. The consequences of these differences can be divided in local consequences and
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system wide consequences. Wind power has thus both local and system wide impacts on the
power system. 
The distinction between local and system wide impacts is made on the extent to which the
cause and the consequences of a certain change to the system can be located. A local impact is
an impact of which the origin(s) can be easily located and which becomes less observable
when the (electrical) distance to its origin increases. On the other hand, a system wide impact
is an impact of which the origin can not be located and which is equally observable
everywhere in the system.
Thus, local impacts of wind power occur at each turbine or park, independent of the overall
wind power penetration level in the system as a whole. When the wind power penetration
level in the whole system is increased, the local effects occur in the vicinity of each turbine or
park, but when the (electrical) distance is large enough, adding wind power on one location
does hardly affect the local impacts of wind power elsewhere. Only adding turbines locally
increases the local impacts. Further, the local impacts differ for the three main wind turbine
types.
System wide impacts, on the other hand, are impacts that affect the behaviour of the system as
a whole. They are a general consequence of the application of wind power that can not be
attributed to individual turbines or parks. Nevertheless, they are strongly related to the
penetration level in the system as a whole. However, in contrast to the local effects, here the
level of geographical spreading of the wind turbines and the applied wind turbine type are less
important.

Research Question
The local impacts of wind power have already been studied extensively and very much
literature on the topic exists. Well documented overviews of the various issues that are of
importance can be found in text books, such as [7]. The reason that much attention has been
paid to the local impacts is that these already occur when one wind turbine is connected to a
grid. They must therefore be studied before connecting any wind turbine to a grid and after
connection of a turbine, they can be further studied by taking measurements. 
On the other hand, the system wide impacts of wind power are only of interest at higher wind
power penetration levels. As such high penetration levels have hardly been reached up to this
moment, few research efforts have been devoted to the topic. However, given the rapid
growth of wind power during the last decade and the expectations for the future, wind power
penetration levels may increase to levels where system wide impacts start to occur as well.
Note that in this thesis, the penetration level is defined as the share of wind power in the total
generation within a synchronously coupled system.
At the start of this research project, hardly any research had been done on the wind power
penetration level at which system wide impacts start to occur, the mechanisms that can lead to
those impacts, the factors that influence the allowable penetration level and the possible
modifications to either the wind turbines or the power system that could be carried out in
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order to limit these system wide impacts. The central question for this research project is
hence:
In which way do increasing wind power penetration levels affect the behaviour of a power
system, and how can negative consequences, if any, be mitigated? 

1.3.2 Research Objective

As discussed in the last section, this thesis investigates the impact of wind power on the
behaviour of a power system. In technical terms, the behaviour of a power system is normally
referred to as the dynamics of a power system. The objective of the research can hence be
formulated as:

To investigate the impact of increasing wind power penetration levels on the dynamics of
power systems and to develop measures to mitigate negative consequences, if any.

In order to achieve the overall research objective, a number of steps must be taken. Each of
these steps has its own objective and when all these sub-objectives are reached, the overall
research objective is met as well.
The first objective is to clarify the characteristics of wind turbines by analysing their
behaviour qualitatively and to investigate the extent to which the differences between the
various available wind turbine concepts are reflected in their impact on the dynamics of a
power system. General conclusions with respect to the response of wind turbines to
disturbances and thus with respect to their impact on the dynamics of a power system should
be the result of this exercise.
The second objective is to investigate whether models of the various wind turbine concepts
that can be used for power system dynamics simulations are available already. The aim is to
identify existing models that can be used for the investigations, possibly with adaptations. If
no usable models can be found, the objective becomes to develop these. In both cases, the
result consists of models of wind turbines that can be used for power system dynamics
simulations, both in the next phases of this research project and in power system dynamics
studies in general.
The third objective is to apply the developed models in order to draw more quantitative
conclusions with respect to the impact of wind power on power systems. To this end, both
transient studies and small-signal analyses of linearised representations of various power
systems are carried out. The objective is met by acquiring and analysing the results. 
When these three objectives are met, the first part of the research objective as stated above is
reached. The fourth objective is related to the second part of the research objective. If any
negative consequences are observed in the first and third step, the qualitative and quantitative
analysis of the impact of wind power on power system dynamics, measures to mitigate these
should be identified.
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1.3.3 Research Approach

The overall approach taken to reach the research objective was to investigate the behaviour of
the various wind turbine types qualitatively, to develop models of wind turbines, to connect
these to models of power systems, to compare the responses of power systems with various
penetrations of wind power and with various wind turbine types and to explain the
observations from the working principles of the wind turbine types and the characteristics of
their interaction with the power system. 
It proved necessary to investigate the various wind turbine types on the market separately,
because it turned out that the impact of an increasing wind power penetration on the dynamics
of the power system was not identical for all wind turbine types, but varied between them due
to the fundamental differences in their working principles. It was hence impossible to draw
conclusions with respect to the impact of an increasing wind power penetration in general and
the conclusions had to be qualified for the type of wind turbine being used.

The widely used power system dynamics simulation program PSS/E™, v25.4, was used for
the research. At the start of the research project, it was quickly found that no wind turbine
models were included in the standard model library of this program. Further study showed
that at that time, this also applied to other dynamics simulation packages, and that wind
turbine models complying with the assumptions and approaches on which power system
dynamics simulation software packages are based, could not even be found in the literature. It
was therefore inevitable to first develop wind turbine models for use with power system
dynamics simulation packages.
To this end, we studied extensively the assumptions on which power system dynamics
simulations are based and the practical aspects of the simulation approach, as well as the
working principles of constant and variable speed wind turbines. Then, we developed wind
turbine models by selecting those subsystems of the wind turbine that affect the turbine’s
behaviour in the time frame of interest (a tenth of a second to tens of seconds). Those
subsystems whose impact laid above this time frame were neglected by assuming that the
associated quantities did not change during the simulation. Those subsystems whose
characteristic time constants were well below the time frame of interest (particularly the
generator and, if applicable, the power electronics converter) were simplified in order to
maintain their characteristic impact on the behaviour of the turbine in the time frame of
interest.
Other aspects of the behaviour of these subsystems were cancelled, because they were of
limited interest given the intended use of the models. A preliminary validation of the
developed models was carried out using measurements, made available by various wind
turbine manufacturers under a confidentiality agreement. 
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In order to facilitate the simulation of high wind power penetrations at the transmission
system level without having to model each wind turbine individually, we also developed
aggregated wind park models.

In the second part of the research project, the developed models were applied to investigate
the impact of wind power on power system dynamics. The impact on the transient stability of
power systems was investigated by first analysing qualitatively the response of the various
wind turbine types to voltage and frequency disturbances. The conclusions were then
illustrated using simulations with models of a widely used power system dynamics test system
and a real power system.
The impact of wind power on the small signal stability of power systems was investigated in a
similar way. First, the physical origin of power system oscillations was studied. Then, the
working principles of the various wind turbine types were related to the origin of power
system oscillations, and qualitative conclusions were drawn. These conclusions were
illustrated and validated with the results of eigenvalue calculations. These results were
obtained with small test systems that showed the various types of power system oscillations.
The test systems that were used, have been developed specifically for this study.

1.4 THE AIRE PROJECT

The research project that is described in this thesis was carried out within the framework of
the AIRE (Accelerated Implementation of Renewable Electricity in The Netherlands) project.
This section introduces the AIRE project and will appear in all Ph.D. theses resulting from it.
Section 1.4.1 contains an introduction to AIRE, written by the project leader. It describes the
organization and objective of the AIRE project. Sections 1.4.2 to 1.4.4 contain more detailed
descriptions of the three Ph.D. research projects of which the AIRE project consists. Each of
these sections has been written the Ph.D. student working on the corresponding project.

1.4.1 Introduction to AIRE

The content of this section was provided by ir. E.H. Lysen, general manager of the Utrecht
Centre for Energy Research and project leader of the AIRE project.

Organization
This thesis forms part of the AIRE project: Accelerated Implementation of Renewable
Electricity in The Netherlands. This multidisciplinary project involves three PhD projects,
described below: two at Utrecht University and one at Delft University of Technology. The
University of Limburg and the Energy research Centre of the Netherlands  (ECN) also
participate in AIRE. The project is funded by the Netherlands Organisation for Scientific
Research (NWO) and the Netherlands Agency for Energy and the Environment (Novem), as
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part of the NWO-Novem Energy Research Stimulation Program. The AIRE project is
coordinated by the Utrecht Centre for Energy research, at Utrecht University. 

Background
It is expected that the future electricity supply of the Netherlands will be characterised by a
large-scale penetration of renewable energy sources. Various studies have been carried out on
this topic, both to explain actual and to predict future implementation rates of renewable
energy sources. Studies on potential and future implementation rates commonly stress
economical and technical conditions as crucial factors for implementation. Of course, the
technological development and accompanying cost reduction of wind turbine technology have
contributed significantly to the rapid increase in wind capacity in many countries. 
Costs of electricity produced by onshore wind turbines have roughly been reduced by a factor
five over the last 20 years. Main reasons for this were the upscaling of the individual turbine,
the development of components such as gear boxes, generators etc. specifically designed for
wind turbines, increased availability of turbines, lower O&M costs, better siting of wind farms
and various other factors. On the other hand there are specific technical constraints related to
the impact of wind power on the electrical power system, particularly the dynamic response of
the network, the subject of this thesis. 
The above studies sometimes mention the importance of non-technical factors in the
implementation process, such as governmental policy, attitudes and behaviour of relevant
policy makers, government authorities and private players, but these are not incorporated in
the models used to calculate future potentials and penetration rates. The underlying
assumption is that economical and technical characteristics are the most crucial factors for the
implementation rates of these technologies. Studies on actually realised implementation rates
cite different conditions that would explain lagging implementation. For wind energy, for
instance, resistance to wind turbine siting has been explained by the NIMBY argument (Not In
My BackYard) or local public resistance. Other studies state that institutional constraints are
more important than public acceptance, or focus on the neglect of the interests of important
stakeholder groups. In addition, numerous policy reports stress reasons like lengthy and
complex planning issues and approval procedures and lack of financial incentives for faltering
implementation. 
Clearly, a variety of institutional and social conditions must be studied to be able to explain
current implementation rates or to even dare to predict future implementation rates. 

Objective and Focus
The AIRE project aims at providing an integral analysis of the implementation of renewable
energy sources in the Netherlands, taking into account technical, economic, institutional and
social conditions. This is expected to support the present Dutch policy in this area and
possibly also to accelerate the implementation. The policy is outlined in the Third Energy
White Paper from 1995 and aims at a 10% share of renewable energy sources in 2020. The
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AIRE project limits itself to the electricity supply, because it is expected that the largest share
of the renewable energy contribution will be supplied in the form of grid-coupled electricity.
The research focuses on the following three renewable sources: bio-energy, wind energy, and
solar PV. 

1.4.2 Implementation of Wind Power

The content of this section was provided by drs. S. Agterbosch, Department of Environmental
Studies and Policy, Faculty of Geographical Sciences and Copernicus Institute for
Sustainable Development and Innovation, Utrecht University, and one of the three Ph.D.
students working on the AIRE project.

Introduction
The process by which projects diffuse and get implemented in society can be studied from
different perspectives. In the case of wind energy, a technological system perspective is
needed, in which different systemic conditions affecting implementation are seen as one
societal system. Such a system approach is fruitful because of its focus on the relative
importance of these different conditions for the origination and composition of the market. By
studying the characteristics of this system, associated with the origination of entrepreneurs
attempting to implement a specific product, such as a wind park, thus analysing its chances
and bottlenecks and its dynamics in the implementation process, we will be able to estimate
the relative importance of different systemic conditions [8, 9]. 
The development of the wind power supply market is determined by many systemic
conditions. These conditions must not be seen as factors that explain the emergence and
implementation of new wind power projects that are merely complementary, but exactly their
mutual interdependency must be stressed. This mutual interdependency, implicating
multi-causal explanations, is analysed with help of the concept implementation capacity.
Implementation capacity is defined as the total of relevant systemic conditions and mutual
interdependencies and gives a picture of the feasibility for wind power entrepreneurs to adopt
a technology (wind turbines). It enables to explain, comparatively, changing possibilities over
time for different types of entrepreneurs. 

Implementation Capacity
The implementation capacity consists of four clusters of direct conditions (technical,
economic, institutional and social conditions) and two clusters of indirect conditions
(governmental policy and societal context). To illustrate the interdependent nature of the
different conditions a simplified example is given. Twenty years ago, turbines had a capacity
of just 25 kW. Today, the size range sold is 750-1300 kW. Nowadays, large multi-megawatt
turbines, 2.5 MW capacity with 80 metre diameter rotors placed on 70 to 80 metre high
towers, are commercially available [10]. 
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One of the consequences of these changing technical conditions was that Dutch provincial and
local governmental authorities to better protect the landscape increasingly demanded
clustering of turbines. Solitary installation is not allowed any longer. This change in
institutional conditions almost automatically signifies the involvement of more than one land
owner in wind energy development projects. This again implicates a change in social
conditions: participation or at least co-operation becomes a prerequisite in these cases. This
change in social conditions asks for more co-operative ways of project development. 
Some reports mention cases in which exactly this need for co-operation turned out to be a
source of conflict with accompanying delays [11]. Another consequence of the need for
clustering large turbines is that it becomes more and more common that wind power plants
cross borders of municipalities. Therefore, more often, also co-operation between
neighbouring municipalities is needed. Another change in social conditions, implicating
another complicating factor. The governmental decision making process on the local level is
getting more and more complex, requiring more local administrative capacity. Different
sources state, however, that local governmental capacity, knowledge about wind energy, about
spatial planning processes and procedures and the needed communicative capacity, was and is
still one of the main bottlenecks for wind power project development [11]. 

This example shows two things. First the inclusion of social and institutional conditions is
indispensable for a proper understanding of the developments. Second, changes in one cluster
of conditions may cause a domino effect: changes in one contextual condition affect other
contextual conditions, in the end resulting in an improvement or worsening of the
implementation capacity for a specific entrepreneurial group. 
On the contrary, actual implementation is the cumulative result of many decisions and
activities of different stakeholders, and their foreseen and unforeseen effects on the dynamic
configuration of conditions. Changes in one cluster of conditions may cause a domino effect:
changes in one contextual condition affects other contextual conditions, in the end resulting in
an improvement or worsening of the implementation capacity for a specific entrepreneurial
group. It is important for policy makers to consider the interdependencies of the different
conditions and therefore to consider the system in its entirety. 

Outline of Research
In this first PhD. project that is part of AIRE, the dynamic in the configuration of systemic
conditions affecting implementation is analysed, to explain the difference in performance on
the wind power supply market of the main types of windmill entrepreneurs in the Netherlands,
i.e. the electricity sector (energy distributors), small private investors (mainly farmers),
co-operatives, and new independent wind power producers. In particular, the coincidence
between changes in institutional and social conditions and the presence of differential
adaptive behaviour is emphasised in the analysis. The origination and composition of the wind
power project market is explained. 
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The analysis is based on interviews with key stakeholders on the Dutch wind power market
including senior policy makers at different ministries, civil servants both on provincial and
municipal level, different wind power entrepreneurs and renewable energy consultants. A
survey among members of the ‘Association of Wind Turbine Owners North Holland’
(WNWH) (mainly farmers) in the Province of North Holland is used to complement data on
this entrepreneurial group. The analysis is complemented with an extensive literature and
document study. Data on the number of projects, turbines and total capacity installed are
based on the KEMA wind monitor and are complemented with data from Wind Service
Holland. 

1.4.3 Potential and Cost of Wind Power in The Netherlands

The content of this section was provided by drs. H.M. Junginger, Department of Science,
Technology and Society, Faculty of Chemistry and Copernicus Institute for Sustainable
Development and Innovation, Utrecht University, and one of the three Ph.D. students working
on the AIRE project.

Scenarios
The Dutch policy goal is to achieve a share of 17% renewable electricity in the domestic
demand in the year 2020.When analysing the possible acceleration of renewable electricity
sources in order to meet this target, it is of importance to analyze the possible quantitative
contributions of different technologies until 2020, and the various factors determining their
implementation rates. As a first step in this part of the AIRE research project, a number of key
factors were identified which influence the possible penetration of renewable electricity
technologies:
C the economic viability, i.e. the production costs of electricity in comparison to

competing fossil fuel options,
C the technological maturity, i.e. the potential and necessity of further technological

development and the associated possibilities of additional cost reductions,
C overall environmental sustainability, i.e. other effects on the environment such as

harmful emissions, noise production, visual impacts etc, 
C the maximum technical implementation rate, i.e. the maximum rate at which projects

may be implemented restricted by technical factors (e.g. the number of workable days
offshore, or the maximum production of solar panels),

C institutional and social barriers, i.e. regulating mechanisms influencing the
decision-making process, and the perceptions and behavior of relevant actors (see also
section 1.4.2).

Using different combinations of these key factors, a number of different scenarios were set up
to explore the maximum ranges for renewable electricity penetration until 2020. When
assuming very benign boundary conditions for the key factors mentioned above, the total
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realizable potential for onshore wind until 2020 may reach up to 3100 MW, corresponding to
an annual production of approximately 7.4 TWh. In the case of offshore wind, when assuming
a maximum of 4000 MW installed capacity, in 2020 about 12.7 TWh may be produced
annually [12]. 
In comparison, the current net domestic electricity production (and imports) in the
Netherlands amounted to 107.7 TWh in 2001 (source: CBS). Even when taking into account
that the electricity demand may rise up to 145 TWh in 2020, it is clear that wind energy may
contribute significantly to the required electricity supply to satisfy this demand. Also when
strict economic or environmental criteria are applied, both onshore and offshore wind power
contribute significantly to the total renewable electricity production, thus identifying both
technologies as robust options.

Technological Development and Economic Performance of Wind Energy
Although this part of the AIRE project also comprises other technologies (e.g. large-scale
biomass power plants), in the remainder of this section, the economic performance and
technological development of onshore and offshore wind power is described. Onshore wind
turbines have relatively low production costs compared to other renewable electricity options
such as small-scale hydropower or PV. 
The cost of electricity produced from onshore wind turbines have roughly been reduced by a
factor five over the last 20 years [13]. The main reasons for this were the upscaling of the
individual turbine, the development of components such as gearboxes, generators etc.
specifically designed for wind turbines, increased availability of turbines, lower O&M costs,
better siting of wind farms, and various other factors. With average wind speeds varying in the
Netherlands, production costs currently lie between 40-80 i/MWh, also depending on the
turn-key investment costs, operation and maintenance (O&M) costs, economic lifetime and
interest rate. Yet, in comparison to fossil fuel options with production costs between 20-50
i/MWh, further cost reductions are required to break even. Therefore, the focus of this
research lies on analysing the potential for further cost reductions of onshore and offshore
wind energy.

A frequently used instrument to analyse historic and possible future cost reductions is the
so-called experience curve concept. This concept analyses cost reductions of a product or a
technology depending on the cumulative production. On the basis of numerous historical
examples, it can be found that with every doubling of cumulative capacity, costs are reduced
with a fixed percentage. The progress ratio (PR) is a parameter that expresses the rate at which
costs decline each time the cumulative production doubles. For example, a progress ratio of
80% equals a 20% cost decrease for each doubling of the cumulative capacity.
In the case of onshore wind farms, the progress ratio is estimated to be approximately 81%
(see also figure 1.4) [14]. When assuming modest global growth rates for the installed wind
energy capacity (i.e. four doublings of cumulative capacity over 20 years), this implies that
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total investment cost may decline by over 50%. Possible driving factors may be the further
upscaling of turbines, but also for a large extent the effects of economies of scale, i.e. the mass
production of identical turbines.

In the case of offshore wind power, the technical potential is far larger than that of onshore
wind energy in the Netherlands, but also the cost of electricity from offshore wind is
substantially higher. Investment cost of recent offshore wind farms ranges from 1250-1800
i/kW, substantially higher than onshore investment cost. This is caused by higher cost for
foundations, grid connection, transportation and installation [15]. Also O&M costs are higher.
On the other hand, offshore wind farms may yield up to 50% more electricity than onshore
wind farms of identical size. The electricity cost of future projects is expected to be in the
range of 46-68 i/MWh. However, especially for pilot projects in harsher conditions and
further away from shore, cost may initially lie higher than these estimates.

The cost reduction potential is likely to be significantly given the relative immature character
of this technology. For example, there is an obvious opportunity for learning-by-doing in
regard to the transportation and installation of offshore wind farms. While there are too few
existing offshore wind farms to devise an offshore wind experience curve, progress ratios
from similar industries (e.g. offshore oil and gas industry or submarine electricity
infrastructure) may possibly be used to estimate the further cost reduction potential of
different offshore wind farm components. For example, a comparison with submarine HVDC
cable links shows that a relatively large reduction of electrical infrastructure costs may be
feasible with future installation of offshore wind farms [16].

Figure 1.4 Experience curve for onshore wind farms. 
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1.4.4 Impact of Wind Power on Power System Dynamics

This section contains a summary of the background and the contents of the research project
described in this thesis. All information in this section can therefore also be found elsewhere
in this thesis. However, section 1.4 is meant to give an overview over the complete AIRE
project of which this research project was one part. This section will appear in all theses
resulting from the AIRE project, so that the research project described in this thesis must be
covered.

Introduction
Wind energy is widely seen as one of the most cost-effective ways to generate electricity from
renewable sources. As a result, a tendency to erect ever more wind turbines can be observed.
Wind turbines may therefore in the future gradually start to replace the output of conventional
generators, especially on occasions with low load and high wind speeds. There are, however,
fundamental differences between wind turbines and conventional power plants. Conventional
power plants use a controllable prime mover, such as fossil fuels or hydro power, whereas the
prime mover of a wind turbine is uncontrollable. Presently, the generated electrical power of a
wind turbine is not controlled either. Further, conventional power plants use a synchronous
generator to convert mechanical power into electrical power. In wind turbines, other generator
types are used, namely a squirrel cage or doubly fed induction generator, or a direct drive
synchronous generator that is grid coupled by a power electronics converter. 
Up to this moment, the energy supplied by wind turbines covers only a minor part of the total
demand. Therefore, wind turbines have mainly local impacts on the power system; the overall
power system behaviour is determined by the synchronous generators, which cover the largest
part of the load. This means that only in the direct vicinity of a wind turbine or park any
consequences are observed, whereas overall power system behaviour is hardly affected. Most
scientific work carried out to date has been devoted to the local impacts of wind power, such
as power quality problems, fault current increases and steady state voltage rises.
If a substantial part of the output of conventional generators is replaced by wind turbines, no
longer only local effects will occur, but the overall system behaviour and the operating
practices will also change. For correct operation of an electrical power system, it is essential
that generation and load are balanced, and that system frequency and node voltages are kept
within narrow limits of their nominal values. Further, the dynamic and small signal stability of
the system must be assured. If this is not ensured, components could get damaged and/or it
could be necessary to disconnect loads interrupting the supply. 
In all these issues, generators play an important role. It must therefore be investigated if and in
which way the technological differences between conventional generators and the generating
systems applied in wind turbines are reflected in their interaction with the electrical power
system and in which way they affect voltage and frequency control and dynamic and small
signal stability. 
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Research Approach
The topic being investigated in the research project is the impact of large scale wind power on
power system transient and small signal stability. The frequency range which is of interest in
this kind of problems lies between 0.1 and 10 Hz. The shortest time constants in electrical
power systems and power electronics are in the order of 10 :s or even less. If these short time
constants were included in the simulations, a small simulation time step would be required.
However, in order to observe the phenomena of interest, a relatively long simulation run is
necessary. In combination, these two facts would lead to very time consuming simulations.
To avoid this, a special kind of simulation approach has been developed, which is often
referred to as power system dynamics simulation. A number of commercial software packages
which are based on this approach are available. In this research project, the widely known
power system simulation software package PSS/E™ was used. This program contains a large
number of standard models of synchronous and asynchronous generators and their controllers.
However, no wind turbine models are included. The first step to be taken in order to be able to
use this program for the investigation of the impacts of large scale integration of wind power
in electrical power systems was therefore to include wind turbine models in the model library
of the program as user models. 

The next step was to investigate the impact of wind power on power system behaviour. To
this end, models of test systems as well as a model of a real power system were used. Using
test systems is considered more convenient than using models of real power systems. The
latter are not fully documented and tend to be very big, which makes it difficult to distinguish
general trends. Moreover, the results obtained with models of real systems are less generic
than those obtained with general purpose test systems. However, in order to illustrate the
practical applicability of the models, they have also been used in combination with a model of
a real power system.

1.5 THESIS OUTLINE

The structure of the thesis reflects the research approach discussed above. In chapter 2, a
general background will be given. The general working principles of wind power are
introduced and the various wind turbine types and their strengths and weaknesses are
discussed. The control principle of variable speed wind turbines is elaborated upon. The
chapter also contains an overview over the various impacts of wind turbines on a power
system. Again, a distinction is made between local impacts, i.e. impacts in the direct vicinity
of the turbine, and system wide impacts, i.e. impacts on the system’s overall behaviour.
Where applicable, the impacts are treated separately for the various wind turbine types.

In chapter 3, models of wind turbines will be developed. First, the modelling approach will be
discussed. Then, the approach will be applied to each of the three most important actual wind
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turbine types discussed in chapter 2, yielding three different wind turbine models that can be
used for power system dynamics simulations. A preliminary validation of the models is
carried out and the difficulties associated with wind turbine model validation are shortly
commented upon. Further, the impact of each of the wind turbines on node voltages and their
voltage control capabilities are analysed in this chapter. 
In chapter 4, the developed models are adapted to facilitate their use in power system
dynamics simulations and more specifically in order to use them in large scale power system
simulations, where the modelling of each and every wind turbine individually would increase
the computational burden and the data requirements without adding significantly to the
accuracy of the results. 
First, a wind speed model is incorporated in order to allow the simulation of wind speed
sequences with various characteristics without having to take measurements in advance. Then,
a general variable speed wind turbine model is developed, based on the notion that in the time
frame of interest, the behaviour of the two types of variable speed wind turbines is mainly
governed by their rotor speed controllers, which are identical. The main difference between
the two types are the generator and the converter, but the resulting differences are
characterized by very short time constants and hence these do not lie in the time frame of
interest. Finally, aggregated wind park models are developed for wind parks with constant
speed turbines and for wind parks with variable speed turbines.

In chapters 5 and 6, the derived models are used to draw conclusions with respect to transient
and small signal stability, respectively. In chapter 5, the impact on the transient behaviour of
power systems is investigated. First, the behaviour of the different wind turbine types and DC
connections is described qualitatively. Then, the impact of various parameters on the fault
response is illustrated quantitatively for both constant and variable speed wind turbines using
simulations. The qualitative conclusions are illustrated further by simulation results obtained
with a widely used dynamics test system and with a model of a real power system.
In chapter 6, a similar approach is applied to the investigation of the impact of wind power on
small signal stability. Again, first the behaviour of the different wind turbine types is
investigated and related to the physical origin of power system oscillations in order to draw
general conclusions with respect to the impact of wind power on the small signal stability of
power systems. Then, the qualitative conclusions are illustrated with simulation results
obtained with small test systems that were developed specifically for this study.

In chapter 7, the conclusions from the research project are summarized and topics for further
research are indicated.



Chapter 2

Power Generation with Wind Turbines

2.1 INTRODUCTION

This chapter gives an introduction to the working principles of electrical power systems and to
power generation with wind turbines. First, the general structure of electrical power systems is
discussed and electrical power generation, transmission and distribution and consumption are
introduced. The differences between conventional and renewable power generation are also
touched upon.
The main part of the chapter is devoted to wind power generation. First, the basics of wind
power generation and the various generating systems used in wind turbines are described.
Then, the relation between wind speed and generated power, as given by a wind turbine’s
power curve, is commented upon and the control principles of variable speed wind turbines
are discussed. 
Finally, the impact of wind power on power systems is analysed. A distinction is made
between local impacts, i.e. impacts whose origin can be located and that are observed in the
vicinity of a wind turbine on the one hand and system wide impacts, i.e. impacts whose origin
can not be located and that are observed on the system level, on the other. It is also pointed
out that although some aspects of the interaction of wind turbines with the power system are
mainly related to the use of the wind as the primary energy source, and hence apply to all wind
turbines, there are a few other aspects that reflect the differences between the various types of
wind turbines.

2.2 ELECTRICAL POWER SYSTEMS

2.2.1 Function and Structure of Electrical Power Systems

The overall purpose of an electrical power system is to deliver electrical energy to the loads,
i.e. the customers, in a safe, economic, and reliable way. Before it can be consumed at the
loads, electrical power is first generated and then transported. Two different levels of electric
power transport are generally distinguished: transmission and distribution. The generation,
transmission and distribution of electrical power are therefore the three main tasks, or primary
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functions, of a power system. Apart from these three primary functions, there are secondary
functions, such as metering, protection, etc. These functions are fulfilled by secondary
systems, whereas the primary functions are fulfilled by primary systems. In figure 2.1, a
schematic representation of the primary structure of an electrical power system is depicted.

Figure 2.1 Schematic representation of primary structure of an electrical power system.

In reality, power systems are much more complicated than the schematic representation in the
figure above, because they consist of a grid of meshed transmission lines that spans a certain
region and to which a large number of power plants and loads is connected. The advantages of
having a transmission network are [17]:
C economies of scale in electrical power generation
C a strong reduction of the required reserve margins on the level of the individual plant,

because the outage of one unit can be compensated for by all other plants connected to
the system, which hence only have to supply a relatively small amount of extra power

C a flattening of the load curve, enabling a more effective use of the generation equipment
C a reduction of the chance of occurrence and the consequences of common cause failures,

because both generation and network equipment of various manufacturers and ages are
used

C the possibility to minimize the cost of electrical power by shifting generation between
units using different prime movers (such as oil, coal and gas), dependent on the prices of
these primary energy sources

Together, these factors provide the economic justification for the use of relatively large power
plants combined with a transmission and distribution system to deliver the generated power to
the loads, rather than constructing small, decentralized generators and possibly also electricity
storage at all loads, although the latter option would at least partly cancel the need for an
extended transmission and distribution network. 

2.2.2 Power Generation

To generate electrical power, a source of primary energy is required. In fossil fuel fired power
plants, fossil fuels such as oil, gas, and coal are burnt and the resulting thermal energy is
converted into electrical power by means of a steam cycle. In nuclear power plants, nuclear
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fission is used to release the energy contained in atom nuclei. This energy is then used to
create high pressure steam that is used to drive a turbine and a generator. Both in case of fossil
fuel fired and nuclear power generation, a synchronous generator is used to convert the
mechanical torque into electrical power. This electrical power is supplied to the grid and
transmitted to the loads. In figure 2.2, a schematic diagram of fossil fuel fired and nuclear
power generation is depicted.

Figure 2.2 Conventional power generation.

All technologies depicted in figure 2.2 consume natural resources that are in principle finite.
Further, they have adverse environmental impacts, such as the greenhouse effect and the
problem of nuclear waste disposal. Renewable power generation technologies, however, use
infinitely available natural resources as a primary energy source for the generation of electrical
power. Examples are wind power, hydro power, wave and tidal power, biomass and solar
power. In figure 2.3, a schematic diagram of renewable power generation is depicted.

Like nearly all conventional power plants, the most common types of renewable power
generation plants use a synchronous generator for converting mechanical energy into
electrical. Biomass is fired in plants that are very similar to conventional power plants.
Geothermal energy, i.e. heat, is converted into electrical power by a synchronous generator.
Further, also in hydro power plants, in most cases a synchronous generator is used, although
doubly fed induction generators are also applied.
On the other hand, other types of renewable power generation plants use different types of
generators. In wind turbines, asynchronous squirrel cage generators, doubly fed induction
generators and direct drive synchronous generators that are coupled to the grid by a power
electronics converter are applied, as will be discussed below. In wave power plants, rare
designs like permanent magnet linear machines are used, and in solar panels, the sunlight is
directly converted into electricity using semiconductors; there is no mechanical energy in
between.
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Figure 2.3 Renewable power generation.

2.2.3 Power Transmission and Distribution

The transmission of electrical power is carried out at high voltages and often over long
distances, whereas the distribution is carried out at lower voltages and usually over short
distances. This difference is caused by the fact that the amount of power transmitted is
dependent on both voltage and current, whereas the losses are mainly dependent on the
current and the distance to be covered.  Hence, the power losses for a certain distance and the
amount of power to be transmitted can be minimized by reducing the current and increasing
the voltage. On the other hand, the higher the voltage, the more expensive and bulky the
components. As a result, loss minimization also comes at a price. Therefore, there exists an
optimal voltage at which the overall cost, made up by the capital expenditure for the
equipment and the operational expenditure caused by the losses, is minimized for a particular
distance and a specific amount of power to be transmitted.
For practical reasons, voltages cannot be chosen completely arbitrarily. Equipment for various
voltage classes can be bought and hence one of these classes should be chosen. Nominal
voltages that are used in practice are for instance 750 kV/433 kV, 380 kV/219 kV, and 220
kV/127 kV for transmission and of 50 kV/29 kV, 10 kV/5.8 kV, and 400 V/230 V for
distribution. In all of these cases, the first figure is the line to line voltage, which equals the
RMS (Root-Mean-Square) value of the voltage between two phases, and the second figure is
the phase to ground voltage, which equals the RMS value of the voltage of one of the three
phases to earth. In practice, the actual value of the voltage can deviate from the nominal value
within a margin of a few percent.
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2.3 WIND POWER GENERATION

2.3.1 Wind Turbine Generating Systems

The working principle of a wind turbine encompasses two conversion processes, which are
carried out by its main components: the rotor, which extracts kinetic energy from the wind and
converts it into a mechanical torque, and the generating system, which converts this torque
into electricity. This general working principle is depicted in figure 2.4. Although this sounds
rather straightforward, a wind turbine is a complex system in which knowledge from the areas
of aerodynamics, mechanical, civil, electrical and control engineering comes together.

Figure 2.4 General working principle of wind power generation.

Currently, three main wind turbine types are on the market. The main differences between the
three concepts are the generating system and the way in which the aerodynamic efficiency of
the rotor is limited during high wind speeds (for reasons that will be discussed later on).

As for the generating system, nearly all wind turbines installed at present use either one of the
following systems, depicted in figure 2.5, from the left:
C Squirrel cage induction generator
C Doubly fed (wound rotor) induction generator
C Direct drive synchronous generator 
The first generating system is the oldest one. It consists of a conventional, directly grid
coupled squirrel cage induction generator. The slip, and hence the rotor speed of a squirrel
cage induction generator varies with the amount of power generated. These rotor speed
variations are, however, very small, approximately 1 to 2 per cent. Therefore, this wind
turbine type is normally referred to as a constant speed or fixed speed turbine. It should be
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mentioned that squirrel cage induction generators used in wind turbines can often run at two
different (but constant) speeds by changing the number of pole pairs of the stator winding.
A squirrel cage induction generator always consumes reactive power. In most cases, this is
undesirable, particularly in case of large turbines and weak grids. Therefore, the reactive
power consumption of the squirrel cage induction generator is nearly always partly or fully
compensated by capacitors in order to achieve a power factor close to one.
The other two generating systems depicted in figure 2.5 are variable speed systems. These are
used in variable speed turbines. To allow variable speed operation, the mechanical rotor speed
and the electrical frequency of the grid must be decoupled. To this end, power electronics are
used. In the doubly fed induction generator, a back-to-back voltage source converter feeds the
three phase rotor winding. In this way, the mechanical and electrical rotor frequency are
decoupled and the electrical stator and rotor frequency can be matched, independently of the
mechanical rotor speed. In the direct drive synchronous generator, the generator is completely
decoupled from the grid by a power electronics converter. The grid side of this converter is a
voltage source converter, i.e. an IGBT (Insulated Gate Bipolar Transistor) bridge. The
generator side can either be a voltage source converter or a diode rectifier. The generator is
excited using either an excitation winding or permanent magnets. 

Figure 2.5. Generating systems used in wind turbines: squirrel cage induction generator,
doubly fed (wound rotor) induction generator and direct drive synchronous generator (from
the left).

In addition to these three mainstream generating systems, there are some varieties. One that
must be mentioned here is the semi-variable speed system. In a semi-variable speed turbine, a
squirrel cage induction generator of which the rotor resistance can be changed by means of
power electronics is used. By changing the rotor resistance, the torque/speed characteristic of
the generator is shifted and transient rotor speed increases of 10% of the nominal rotor speed
are possible. In this generating system, a limited variable speed capability is thus achieved at
relatively low cost. Other variations are a squirrel cage induction generator or a conventional
high speed synchronous generator that is connected to the turbine's rotor through a gear box
and to the grid by a power electronics converter of the full  rating of the generator.
Directly grid coupled synchronous generators, which are used in the majority of conventional
power stations, are not applied in wind turbines. Although wind turbines with directly grid
coupled synchronous generators have been built in the past, this generator type is not applied
any longer. Its unfavourable dynamic characteristics when used in combination with a
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fluctuating prime mover cause high structural loads. Further, wind turbines rather frequently
connect to and disconnect from the grid and a synchronous generator must be synchronized
before connecting. This is complicated when an uncontrollable prime mover is used. 

2.3.2 Comparison of Wind Turbine Generating Systems

Each of the three main generating systems has its own benefits and drawbacks. The advantage
of a constant speed system is that it is relatively simple. Therefore, the list price of constant
speed turbines tends to be lower than that of variable speed turbines. However, constant speed
turbines must be more mechanically robust than variable speed turbines. Since the rotor speed
cannot be varied, fluctuations in wind speed translate directly into drive train torque
fluctuations, causing higher structural loads than with variable speed operation. This partly
cancels the cost reduction achieved by using a relatively cheap generating system. Further,
noise can be a problem, because the noise level is strongly connected to the blade tip speed
and hence to the rotational speed of the rotor, which of course cannot be changed in constant
speed turbines. This problem is, however, alleviated by using a generator whose number of
pole pairs can be changed, allowing the turbine to run at lower rotational speed when wind
speed is low.

The main advantage of variable speed operation is that more energy can be generated for a
specific wind speed regime. Although the electrical efficiency decreases, due to the losses in
the power electronics that are essential for variable speed operation, there is also a gain in
aerodynamic efficiency due to variable speed operation (as will be discussed later on). The
aerodynamic efficiency gain exceeds the electrical efficiency loss, overall resulting in a higher
energy yield [18, 19]. There is also less mechanical stress, because the rotor acts as a flywheel
(storing energy temporarily as a buffer), reducing the drive train torque variations. Noise
problems are reduced as well, because the turbine runs at low speed when there is little wind.
The main drawback of variable speed generating systems is that they are more expensive.
However, using a variable speed generating system can also give major savings in other
subsystems of the turbine, such as lighter foundations in offshore applications, limiting the
overall cost increase. Further, the price of power electronic components is dropping steadily.
When comparing the two variable speed designs, it can be concluded that the advantages of
the concept based on the doubly fed induction generator are that a more or less standard
generator and a smaller and hence cheaper power electronics converter can be used. A
drawback of the concept with the doubly fed induction generator when compared with direct
drive variable speed turbines is that they still need a rather maintenance-intensive and
potentially unreliable gearbox.
The drawbacks of the direct drive design are the large, heavy and complex ring generator and
the larger power electronic converter, through which all of the generated power has to pass,
compared with about 1/3 of the power in the case of the doubly fed induction generator based
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wind turbine. The benefits and drawbacks of the different generating systems are summarized
in table 2.1.

Table 2.1. Benefits and drawbacks of wind turbine generating systems.
Constant speed Doubly fed Direct drive

Strengths Simple and robust Less mechanical stress Less mechanical stress

Less expensive Less noisy Less noisy

Electrically efficient Aerodynamically
efficient

Aerodynamically
efficient

Standard generator Standard generator No gearbox

Small converter suffices

Weaknesses Aerodynamically less
efficient

Electrically less efficient Electrically less efficient

Gearbox included Gearbox included Large converter
necessary

Mechanical stress Expensive Expensive

Noisy Heavy and large
generator

Complex generator

2.3.3 The Power Curve

Given the working principle of wind turbines, which is depicted in figure 2.4, the power
generated by a wind turbine is inherently dependent on the wind speed. The dependence of the
power extracted from the airflow on the wind speed is given by the following equation

(2.1)

in which Pw is the mechanical power extracted from the airflow [W], D the air density [kg/m3],
cp the performance coefficient or power coefficient, 8 the tip speed ratio vt/vw,, the ratio
between the blade tip speed vt and the wind speed upstream the rotor vw [m/s], 2 the blade
pitch angle [deg], and Ar the area swept by the rotor [m2].
At low wind speeds, a wind turbine does not generate any power at all, because the airflow
contains too little energy. Between the cut-in wind speed (in the order of 3-5 m/s) and the
nominal wind speed or rated wind speed, the generated power is directly dependent on the
wind speed. It is, however, not proportional to it; the power that can be extracted from the
wind increases with the cubic of the wind speed, as can be concluded from (2.1). The nominal
wind speed, i.e. the wind speed at which the nominal power of the turbine is reached, is
somewhere between 11 m/s and 16 m/s, but the precise value depends on the combination of
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the rotor diameter and the nominal power of the generating system. For this reason this design
variable can be optimised for various wind speed regimes.

When the wind speed increases to levels above the nominal wind speed, the generated power
cannot be increased further, because this would lead to overloading of the generator and/or, if
present, the converter. Therefore, the aerodynamic efficiency of the rotor must be reduced, in
order to limit the power extracted from the wind to the nominal power of the generating
system. This corresponds to a reduction of the performance coefficient cp in (2.1) and can be
achieved in two ways. 
The first way is to design the rotor blades in such a way that their efficiency inherently
decreases when the wind speed increases to values above nominal. This approach is called
stall power limitation or stall control. In this case, no active control systems are applied and
the value of cp is not dependent on the pitch angle 2 in (2.1) in case of stall control. The
second possibility to reduce the aerodynamic efficiency of the rotor is to turn the blades out of
the wind using hydraulic mechanisms or electric motors. This approach is called pitch control.
In contrast to stall control, pitch control requires active control systems to turn the blades. In
general, nowadays stall control is mainly used in constant speed turbines, whereas pitch
control is used in variable speed turbines.
A combination of the two approaches is active stall control, which is sometimes used in large
constant speed turbines. With this approach, the blades are turned in the opposite direction as
with pitch control. This causes the so called deep stall effect. The angle of rotation is less than
in case of pitch control and the blades are turned in a number of discrete steps, rather than
controlling the blade angle continuously as with pitch control.
When the wind speed becomes very high, the energy contained in the airflow and the
structural loads on the turbine become too high and the turbine is taken out of operation.
Depending on whether the wind turbine is optimised for low or high wind speeds, the cut-out
wind speed is somewhere between 17 and 30 m/s.

The relation between wind speed and generated power is given by the power curve of the
wind turbine. In figure 2.6, typical power curves of a constant speed stall controlled and a
variable speed pitch controlled wind turbine are depicted. As can be seen in the figure, there
are two differences between constant and variable speed turbines:
C variable speed turbines tend to generate slightly more power at a given wind speed

between cut-in and nominal, which also results in a lower nominal wind speed
C at wind speeds above nominal, variable speed turbines have a flat power curve, which

does not apply to constant speed, stall controlled turbines
The first difference is caused by the fact that the aerodynamic efficiency of the rotor depends
on the tip speed ratio, which equals the blade tip speed divided by the wind speed. The value
of the tip speed ratio at which maximum aerodynamic efficiency is achieved, normally lies
between 6 and 8. In constant speed turbines, the blade tip speed cannot be changed. The
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maximum aerodynamic efficiency is hence only achieved at one, or in case of a dual speed
generator, at two wind speeds. At other wind speeds, the aerodynamic efficiency is less. In
variable speed turbines, however, the rotor speed, and thus the blade tip speed, can be
changed. Therefore, maximum aerodynamic rotor efficiency can be achieved at a whole range
of wind speeds, which leads to increased power generation.
The second difference is caused by the fact that in practice, it is impossible to design a blade
profile that both achieves optimal aerodynamic efficiency at wind speeds between cut-in and
nominal and limits the power extracted from the wind to exactly the nominal value at wind
speeds above nominal. The power curve of a stall controlled wind turbine reflects the
resulting design compromise: at wind speeds slightly above nominal, more than nominal
power is generated, whereas at wind speeds much higher than nominal, less than nominal
power is generated. In variable speed turbines, in contrast, the generated power can be very
accurately tuned by using the degrees of freedom offered by the power electronics and the
pitch control system.
Note the different design (and in variable speed turbines also controller) goals for wind speeds
between cut-in and nominal on one the hand and between nominal and cut-out wind speeds on
the other. At wind speeds between cut-in and nominal, the goal is to extract as much power
from the airflow as possible by maximising the aerodynamic rotor efficiency. At wind speeds
between nominal and cut-out, the goal is no longer to extract power from the airflow
efficiently, but to reduce the extracted power to the nominal power of the generating system.
To this end, the aerodynamic rotor efficiency must be reduced, rather than maximised.

Figure 2.6. Typical power curves for a constant speed, stall controlled (dashed) and variable
speed pitch controlled (solid) wind turbine.

2.3.4 Wind Power Generation versus Conventional Power Generation

As can be concluded from the above, there are principal differences between wind power on
the one hand and conventional generation on the other:
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C In wind turbines, generating systems different from the synchronous generator used in
conventional power plants are applied.

C The prime mover of wind turbines, i.e. the wind, cannot be controlled, and fluctuates
randomly. Up to this moment, the generated power of wind turbines is completely
determined by the wind speed and not controlled any further.

An additional difference is that the typical size of wind turbines is much lower than that of a
conventional power plant. These differences between conventional and wind power
generation are reflected in a different interaction with the power system, the topic discussed
now. 
In the analysis in the next section, a distinction is made between local and system wide
impacts of wind power. Local impacts of wind power are impacts that occur in the (electrical)
vicinity of a wind turbine or wind park that can be attributed to a specific turbine or park, i.e.
of which the cause can be localized. These effects occur at each turbine or park, independently
of the overall wind power penetration level in the system as a whole. When the wind power
penetration level in the whole system is increased, the local effects occur in the vicinity of
each turbine or park, but when the (electrical) distance is large enough, adding wind power on
one location does not affect the local impacts of wind power elsewhere. Only adding turbines
locally increases the local impacts. Further, the local impacts differ for the three main wind
turbine types.
System wide impacts, on the other hand, are impacts of which the cause can not be localized.
They are a consequence of the application of wind power that can, however, not be attributed
to individual turbines or parks. Nevertheless, they are strongly related to the penetration level
in the system as a whole. However, in opposition to the local effects, the level of geographical
spreading of the wind turbines and the applied wind turbine type are less important.

2.4 LOCAL IMPACTS OF WIND POWER

Wind power locally has an impact on the following aspects of a power system:
C branch flows and node voltages
C protection schemes, fault currents and switchgear ratings
C harmonics
C flicker
The first two topics must always be investigated when connecting new generation capacity to
a power system. This applies independently of the prime mover of the generator and the grid
coupling, and these issues are therefore not specific for wind power but apply to all cases
where a generator is connected to a grid. The third topic is particularly of interest when
generators that are grid coupled through a power electronic converter are used. For wind
power, it does therefore mainly apply to variable speed turbines. Further, it applies to other
converter connected generation equipment, such as photovoltaics and small scale CHP
(combined heat and power) systems that often use high speed synchronous generators grid
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interfaced with power electronics. The last topic is specific for wind turbines, particularly for
constant speed turbines, as will be argued below.
The way in which wind turbines affect the voltages at nearby nodes depends on whether they
are constant speed or variable speed turbines. The squirrel cage induction generator in
constant speed turbines has a fixed relation between rotor speed, active power, reactive power
and terminal voltage. Therefore, it cannot effect its terminal voltage by changing the reactive
power exchange with the grid. Additional equipment such as capacitor banks, SVCs (Static
Var Compensators) or STATCOMs (STATic COMpensators) is hence necessary for voltage
control. 
On the other hand, variable speed turbines have, at least in theory, the capability of varying
the reactive power at a given active power, rotor speed and terminal voltage. However, the
range over which the reactive power can be controlled depends on the size of the power
electronic converter. Direct drive variable speed turbines often have an advantage here.  They
already have a large converter and some extra capacity to allow reactive power control can be
added at marginal cost. Doubly fed induction generator based turbines in general have the
advantage that a small converter can be used. Adding converter capacity to allow reactive
power control tends to cancel this advantage of course. 

The contribution of wind turbines to the fault current is also different for the three main wind
turbine types. Constant speed turbines are equipped with a directly grid coupled squirrel cage
induction generator. They therefore contribute to the fault current and rely on conventional
protection schemes (overcurrent, overspeed, over- and undervoltage, over- and
underfrequency). 
Turbines based on the doubly fed induction generator also contribute to the fault current.
However, the control system of the power electronics converter that controls the rotor current
measures the grid voltage at a very high sampling rate (several kHz). A fault is therefore
detected very quickly. Due to the sensitivity of power electronics to overcurrents, this wind
turbine type is at present quickly disconnected when a fault occurs. Thus, although a doubly
fed induction generator based wind turbine contributes to the fault current, the duration of its
contribution is rather short. 
Wind turbines with a direct drive generator hardly contribute to the fault current at all,
because the power electronic converter through which such a turbine is connected to the grid
cannot carry a fault current. It is therefore normal practice that these turbines are also quickly
disconnected in case of a fault.

The third topic, harmonics, is mainly an issue in the case of variable speed turbines, because
these are equipped with power electronics, the main source of harmonics. However, in case of
modern power electronics converters with their high switching frequencies and advanced
control algorithms and filtering techniques, the harmonics issue should not be a major
problem. Well-designed synchronous and asynchronous generators hardly emit any
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harmonics. Harmonics are therefore no issue for constant speed wind turbines that use directly
grid coupled squirrel cage induction generators.

The flicker problem is typical for wind turbines. Wind is a quite rapidly fluctuating prime
mover. In constant speed turbines, prime mover fluctuations are directly translated into output
power fluctuations, because there is no energy buffer between mechanical input and electrical
output. Depending on the strength of the grid connection, the resulting power fluctuations can
result in grid voltage fluctuations, which can cause unwanted and annoying fluctuations in
bulb brightness. This problem is referred to as flicker. 
In general, no flicker problems occur with variable speed turbines, because in these turbines
wind speed fluctuations are not directly translated into output power fluctuations. The
controller of the power electronics in these wind turbines derives a set point for active power
from the rotor speed. Hence, only if the rotor speed varies, the active power is changed. Due
to the rotor inertia, the rotor acts as an energy buffer or low pass filter. Rapid wind speed
fluctuations hardly effect the rotor speed and are therefore hardly observed in the output
power. The local impacts of the various wind turbine types are summarized in table 2.2.

Table 2.2 Summary of local grid impacts for main wind turbine types.
Local impact Constant speed Doubly Fed Direct Drive

Changes in node
voltages

Yes, compensation only
possible with additional
equipment, e.g. capacitor
banks, SVCs or
STATCOMs

Yes, compensation
theoretically possible,
but dependent on
converter rating

Yes, compensation
theoretically possible,
but dependent on
converter rating

Harmonics Hardly of interest In theory of interest, but
should not be a major
problem

In theory of interest, but
should not be a major
problem

Flicker Important, particularly in
weak grids

Unimportant because the
rotor acts as an energy
buffer

Unimportant because the
rotor acts as an energy
buffer

Contribution to fault
currents 

Yes Yes; but turbine is
normally quickly
disconnected

No; converter not
capable of carrying fault
current; turbine is
quickly disconnected 

2.5 SYSTEM WIDE IMPACTS OF WIND POWER

Apart from the local impacts, wind power also has a number of system wide impacts, because
it affects:
C dynamics and stability
C reactive power generation/voltage control possibilities
C system balancing: frequency control and dispatch of the remaining conventional units
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The impact on the dynamics and stability of a power system is mainly due to the fact that
wind turbine generating systems are not based on a conventional synchronous generator. The
different working principles of the generating systems used in wind turbines are reflected in
how they respond to changes in their terminal voltage and frequency. In order to investigate
the impact of wind power on power system dynamics and stability, adequate wind turbine
models are essential. As the development of these models and their application to investigate
the impact of wind power on power system dynamics is the topic of this thesis, it will be
treated in depth in the next chapters.

Wind power affects the reactive power generation and voltage control possibilities in the
system for various reasons. Firstly, not all wind turbines are capable of varying their reactive
power output, as stated above when discussing the local impacts. This is, however, only one
aspect of the impact of wind power on voltage control in a power system. Apart from this,
there are two other issues that determine this impact. Wind power plants cannot be very
flexibly located compared to conventional power plants. As mentioned above, wind turbines
affect the scenery and hence can only be constructed at locations at which this is not
considered a major problem. Further, it must be erected at locations with a good wind
resource. 
The locations that meet these two conditions are not necessarily locations that are favourable
from the perspective of grid voltage control. When it comes to choosing a location for a
conventional power plant, it is generally easier to take into account the voltage control aspect,
because these plants are more flexible in location. The last factor that plays a role in the
impact of wind power on voltage control is that wind turbines are relatively weakly coupled to
the system because their output voltage is rather low and because they are often erected at
distant sites. This further reduces their contribution towards voltage control. 
When the output of conventional synchronous generators is replaced by that of wind turbines
at remote sites on a large scale, the voltage control aspect must be taken into account
explicitly. Voltage is a local quantity, which can only be affected at or in the direct vicinity of
a node. It can therefore even be necessary to install additional equipment for voltage control at
or near the locations of the synchronous generators whose output is being replaced by wind
power, in order to be able to control the node voltages everywhere in the system. 
This is, however, primarily caused by the geographical displacement of generating capacity
that accompanies the replacement of conventional generation by wind turbines, rather than by
the fact that the output of conventional generators is replaced by that of wind turbines as such.
Hence, other developments that lead to a geographical shift of generation, such as market
liberalization, can also give rise to the necessity to take measures to maintain enough
possibilities for reactive power generation and voltage control throughout the system. Further,
the cause of the necessity for these measures can not be localized, so that this is an example of
a system wide impact.
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The impact of wind power on system balancing, i.e. frequency control and the dispatch of the
remaining conventional units, is caused by the fact that the prime mover of wind power can
not be controlled. Therefore, in general the power generation of wind turbines is uncontrolled
as well and wind power does not contribute to primary frequency regulation. Although this
would be technically possible, the drawback is a reduction in energy yield and thus in income
for the wind turbine operator. Therefore, as long as exceptions from connection requirements
referring to the controllability of the generated power are granted to wind turbines and/or as
long as there are cheaper means available to keep the system balanced, wind turbines will
probably not contribute to system balancing.
Further, the variability of the wind on the longer term (from 15 mins. till hours) tends to
complicate the dispatch of the remaining conventional units used to supply the load, because
it causes the demand curve to be matched by these units (which is equal to the system load
minus the wind power generation) to be far less smooth than would be the case without wind
power. This heavily affects the dispatch of the conventional units and the required reserve
margins. 
Note that the aggregated short term (< 1 min.) output power fluctuations of a large number of
wind turbines are smoothed to a large extent and are in general not considered problematic.
These fluctuations are induced by turbulence, which is a stochastic quantity that evens out
with many turbines. An exception to this is formed by storm induced outages that occur when
the wind speed exceeds the cut-out value. These are not induced by turbulence but by storm
fronts and can therefore affect a large number of turbines simultaneously. 
All these effects become more severe at high wind power penetrations. The higher the wind
power penetration, the larger the impact of wind power on the demand curve faced by the
remaining conventional units and the less of these units remain. Thus, the stricter the
requirements on the ramping capabilities of these units must be in order to both match the
remaining demand curve and to keep the fluctuations of the system's frequency, caused by
unbalances between generation and load, within acceptable limits. It is, however, impossible
to quantify the wind power penetration level at which system wide effects start to occur,
because of the differences in e.g. conventional generation portfolio, wind regime, demand
curve and network topology between various power systems.

2.6 CONCLUSIONS

In this chapter, an overview of the topic of wind power generation was given. First, the
general structure of the electrical power system was discussed, as well as the basic principles
of electrical power generation and the main difference between conventional and renewable
power generation. Then, the general working principle of wind power generation was
described, which consists of two main conversion steps, namely: 
C extraction of mechanical power from the wind 
C conversion of this mechanical power into electricity
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The three main wind turbine generating systems and their advantages and disadvantages have
been described and the concept of the power curve, which depicts the dependence of the
generated power on the wind speed, was analysed and discussed. The strongly related topic of
the control of the rotor speed of variable speed wind turbines was also highlighted. 
In the second part of this chapter, the grid impacts of wind power generation were discussed.
It was indicated that the applied generator system and the controllability of the prime mover
are the two main differences between wind power and conventional generation. It was also
shown that due to these differences, wind power has both local and system wide impacts on
power systems. Some of these impacts depend on the applied generating system, due to the
profound differences between the generating systems used in wind turbines.
Locally, wind power affects the following aspects of the power system:
C branch flows and node voltages
C protection schemes, fault currents and switchgear ratings
C harmonics
C flicker
whereas on a system level, consequences can be observed in the following areas:
C dynamics and stability
C reactive power generation/voltage control
C system balancing: frequency control and dispatch of the remaining conventional units
This thesis focuses on the first item of this list: the impact of wind power on the dynamics and
stability of an electrical power system.



Chapter 3

Wind Turbine Modelling

3.1 INTRODUCTION

In this chapter, models of each of the three wind turbine concepts that were described in
section 2.3.1 are derived. When developing a model, one must take into account its intended
application. The model should neither become too complex, as this would make the
calculations cumbersome and time consuming, nor too simple; this would render the model
inapplicable for its original goal or give unreliable results.
In order to clearly define the application area of the models presented, this chapter first shortly
describes various phenomena that occur in power systems and the corresponding time scales,
pointing out for which time scale and simulation approach the models derived in this chapter
have been developed. This specific simulation approach will be further referred to as power
system dynamics simulation. 
Subsequently, earlier work on the topic of wind turbine modelling is discussed. From a survey
of the literature on the topic of wind turbine modelling, it is concluded that the models found
in the literature cannot be used for power system dynamics simulations for several reasons.
The models presented in this chapter fill this need. The chapter primarily describes the various
subsystems of each of the wind turbine types and the corresponding equations. Finally,
simulation results obtained with the models are compared to measurements and it is
investigated which impact the turbines have on the grid voltage and whether they are able to
contribute to voltage control. 
From a qualitative comparison of the measurements and the simulations it is concluded that
the models are reasonably accurate and can hence be used for representing wind turbines in
power system dynamics simulations. From the investigation of the impact of each of the
turbines on grid voltage it is concluded that the output power fluctuations are the largest and
most rapid for the constant speed turbine, which thus affects the grid voltage most. The
impact of the two variable speed turbine types is smaller, even when they are operated in unity
power factor mode, because the rotor acts as an energy buffer. Their impact on the grid
voltage can be further reduced by equipping variable speed turbines with a terminal voltage
controller that uses the measured terminal voltage to adapt the reactive power accordingly.
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The contribution of this chapter is twofold. First, equations that can be used to model a
constant speed wind turbine in power system dynamics simulations have been collected from
the literature and combined into a model of a constant speed wind turbine for use in power
system dynamics simulations. Second, equations to model the most common types of variable
speed wind turbines including their controllers have been derived and combined into models
of these turbines for use in power system dynamics simulations.

3.2 POWER SYSTEM DYNAMICS SIMULATION

An electrical power system can be described by the following general equation

(3.1)

where
f is a vector containing n first-order non-linear differential equations
x is a vector containing n state variables
u is a vector containing r input variables
g is a vector containing m non-linear algebraic equations
y is a vector containing m output variables
and t is time. By assuming that the system in equation (3.1) is time invariant, i.e. the time
derivatives of the state variables are not explicit functions of time, t can be excluded from
equation (3.1)
Differential equations can be handled in various ways. One can apply a mathematics software
package capable of symbolic calculations to obtain a closed form solution or a mathematics
software package that contains numerical integration routines. However, in the specific case
of power systems, these approaches are not straightforward. 

A power system consists of a large number of components: overhead lines and underground
cables, transformers, generators and loads. The behaviour of most of these components is
described by differential equations. Thus, in case of a large power system, the vector f in
equation (3.1) can easily contain hundreds or thousands of differential equations. A system of
coupled differential equations of this size cannot be solved analytically, for which reason
numerical integration remains as the only practical possibility to analyse the behaviour of a
power system.
A second difficulty in the analysis of power systems is posed by the vast difference in time
scales or frequency bands in which the various phenomena of interest occur. On one side of
the time spectrum, there are phenomena that take micro to milliseconds, such as lightning
induced transients, switching transients, switching semiconductors in power electronic
converters and the interruption of fault currents [20, 21]. On the other side of the time
spectrum, there are phenomena that take several minutes or hours. Examples are substantial
changes in the active power output of thermal power plants that can only occur at a limited
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rate in order to prevent unallowable mechanical stress, and changes in the output of wind
turbines as a result of travelling weather systems [22]. Figure 3.1 gives an overview of the
various areas of consideration and their characteristic time scales or frequency bands [23].

Figure 3.1 Frequency bands and time scales of various dynamic phenomena in power systems
[23].

Using a complete model of the power system for studying each of the areas depicted in figure
3.1 would have the following drawbacks:
C Data requirements become excessive, because for each study all parameters of the

various components of the power system must be specified.
C When the phenomenon of interest is characterized by relatively long time constants, i.e.

low frequencies, a simulation run of a certain duration is necessary. However, when
high frequency phenomena are included in the model of the power system, such a
simulation run would be very time consuming, because a small time step would be
necessary.

To avoid these drawbacks, normally a model of the power system and its components that is
tailored to the phenomena under study is used. Such a model is based on the following
assumptions: 
C Phenomena with a frequency above the bandwidth of interest can be neglected when it

is assumed that they die out before they affect the investigated phenomenon.
C Phenomena with a frequency below the bandwidth of interest can be neglected because

they are so slow that the value of the associated state variables does not change during
the simulation run.

An example of this approach is the modelling of a circuit breaker as an ideal switch when
studying the angle stability of a synchronous or asynchronous machine [20]. In this situation,
it is assumed that the switching arc does not affect the rotor speed of the machine. The arc is
therefore neglected. Thus, the short time constants that would be present when a detailed arc
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representation would be used are cancelled and both the complexity of the modelling task and
the computation time are reduced.

One way to simulate power systems is formed by what will be further referred to as power
system dynamics simulations. This approach is used to study phenomena occurring in a
frequency range of 0.1 Hz to 10 Hz, or with typical time constants between 10 s and 100 ms.
The typical problems that can be analysed with this approach are voltage and rotor angle
stability. The quantities of interest are node voltages, rotor speeds and angles as well as the
behaviour of the exciters of synchronous generators. The approach is also known as
fundamental frequency simulation or electromechanical transient simulation.
The main characteristic of this simulation approach is that it neglects network transients, by
assuming that they are characterised by very short time constants and die out before they
affect the quantities of interest in power system dynamics simulations. The network can
therefore be represented with an impedance matrix, like in load flow calculations. As a result
of this simplification, only the fundamental frequency component of voltages and currents is
considered and higher harmonics are neglected. The assumption also implies that at the
terminals of generators and loads only the fundamental frequency component should be
present, in order to have a consistent representation of the whole system.
The power system dynamics simulation approach has the following advantages [24]:
C It reduces the number of differential equations, because no differential equations are

associated with the network and less with the generators and in some cases also with the
controllers.

C It allows the use of a larger time step, because short time constants have been
eliminated. The typical time step in PSS/E™ equals half a cycle, i.e. 10 ms in a 50 Hz
system.

C Due to the network representation, the associated equations can be solved using
conventional load flow solution algorithms, which also increases the computation speed.

The accuracy of the simulation results obtained when using the power system dynamics
simulation approach has been studied extensively during the late seventies, but is still subject
of discussion [25-29]. There are two main reasons for this. First, the similarity of the
simulation results obtained with different models of the same power system depends heavily
on the system’s characteristics and on the phenomenon under investigation, so that it is
difficult to draw generic conclusions with respect to the impact of the applied simplifications
on the accuracy of the results. Second, conclusions with respect to the degree of similarity are
by nature partly subjective and can hence always be disputed.
There exist other types of power system simulations. A first example is formed by what is
called instantaneous value or electromagnetic transient simulation, where the network is
represented by differential equations and the time step is in the order of microseconds or
shorter. In this type of simulations, short time constants are incorporated so that high
frequency phenomena can be studied. A second example are simulations for load following
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and dispatch, where the emphasis lies on the load pattern and the characteristics of the
primary energy conversion system and where the typical time step is in the order of several
seconds to minutes. In terms of figure 3.1, these simulation types cover time scales to the left
and to the right of power system dynamics simulation respectively.

For this thesis, v25.4 of the power system dynamics simulation software package PSS/E™
(Power System Simulator for Engineering) from PTI (Power Technologies, Inc.) has been
used. This program incorporates the assumptions applied in power system dynamics
simulations and according to the manual, it can therefore be used to study phenomena that
occur in bandwidths up to about 10 Hz [30]. Although this is not mentioned in the manual,
often a lower bandwidth limit of around 0.1 Hz is also allowed for, because the simulation of
lower frequencies requires detailed models of the primary conversion system and its rather
long time constants, which are, however, not incorporated in the PSS/E™. The program uses
a fixed time step forward Euler method for the numerical integration of the differential
equations describing the power system.
PSS/E™ is not the only program that applies the power system dynamics simulation approach
to investigate low frequency phenomena in large power systems. Other software packages for
power system dynamics simulations, such as NETOMAC® from Siemens, Eurostag from
Tractebel and EDF, PowerFactory from DIgSILENT and Simpow® from ABB are based on it
as well. However, some of these programs also offer an instantaneous value simulation mode
and may even able to switch automatically or manually between the fundamental frequency
mode and the instantaneous value mode. 

3.3 EARLIER WORK AND CONTRIBUTION OF THIS THESIS

3.3.1 Overview of Literature on Wind Turbine Modelling

The modelling of wind turbines has been a research topic since the development era of
modern wind turbines started with the oil crisis, now about three decades ago. In this section,
an overview of the developments in wind turbine modelling will be given. It is of course not
feasible to cover thirty years of research in a few pages. Therefore, the indicated references are
only for illustrative purposes and the bibliography of this section is limited to journal papers
and in no way exhaustive. Further, only the development of large wind turbines (several
hundreds of kWs to MWs) is addressed. The development of small scale wind turbines for the
built environment and for small scale island systems is a different topic which is not covered
here.
The first wind turbines were based on a direct grid coupled synchronous generator with pitch
controlled rotor blades to limit the mechanical power in high wind speeds. Therefore, the first
modelling efforts were devoted to this wind turbine concept [31, 32]. Nowadays, wind
turbines with a directly grid coupled synchronous generator have completely disappeared from
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the scene. It has proven to be very difficult to design cost effective and reliable wind turbines
with directly grid coupled synchronous generators. Because the rotor speed of a grid coupled
synchronous generator is constant, wind speed variations are completely translated into
variations in mechanical power and torque, resulting in considerable mechanical loads.
Further, a direct grid coupled synchronous generator must be synchronized before it can be
connected to the grid, which is quite complicated when an uncontrollable prime mover is
used. For these reasons, other generator types such as the squirrel cage induction generator
and the more modern variable speed schemes that were described in chapter 2, have replaced
the directly grid coupled synchronous generator as the electromechanical conversion system
used in wind turbines.

The directly grid coupled synchronous generator was followed by the directly grid coupled
asynchronous squirrel cage induction generator. This generator type has a more favourable
torque versus speed characteristic than the synchronous generator, thus reducing the
mechanical loads and is also cheaper. This concept is still applied nowadays by some
manufacturers. To limit the power extracted from the wind at high wind speeds, either pitch
control or stall control can be applied. Many papers on the modelling of a wind turbine with a
directly grid coupled squirrel cage induction generator can be found in the literature, both in
combination with pitch control and with stall control of the mechanical power, e.g. [28, 33,
34]. 
It should, however, be noted here that the concept of a wind turbine with a directly grid
coupled squirrel cage induction generator and pitch control does no longer appear in the
product portfolio of any manufacturer. This is a result from problems with the design of the
pitch controller. It has appeared to be rather difficult to limit the output power to the nominal
value by controlling the pitch of the rotor blades. Thus, although models and analyses of a
wind turbine with a directly grid coupled squirrel cage induction generator still appear in
journals and conference proceedings now and then, the value of these is rather limited [33,
80]. 

For a number of years, many established wind turbine manufacturers have been abandoning
the conventional constant speed wind turbine with a directly grid coupled squirrel cage
induction generator in favour of the more modern variable speed wind turbine with a doubly
fed induction generator. Also, manufacturers have started to apply a direct drive synchronous
generator grid coupled through a power electronic converter of the full generator rating.
Therefore, modelling efforts have been devoted to these wind turbine concepts as well.
Variable speed wind turbines are complicated systems, as discussed in chapter 2. Therefore,
most papers addressing their modelling only cover one subsystem, such as the drive train, the
electromechanical conversion system, the control of the generator currents and the DC link
voltage or the rotor speed controller, see e.g. [35-40]. Full models representing all subsystems
could, however, not be found in the literature.
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Apart from these wind turbine concepts, other wind turbine concepts have been designed and
built, such as wind turbines with a gearbox and a conventional high speed synchronous or
squirrel cage induction generator grid coupled through a full scale power electronic converter
and wind turbines with a doubly fed induction generator with a thyristor based current source
converter that feeds the rotor winding (a so-called static Kraemer cascade). Although models
of these concepts have been developed and published as well, these concepts are not
considered here, because they are not commonly applied and are therefore of limited interest.

3.3.2 Characteristics of Models Developed in this Thesis

As pointed out in the last section, many models of wind turbines have been presented by
various authors. However, these models cannot be applied in the power system dynamics
simulations carried out in this research project nor can they be incorporated into PSS/E™ or
other programs that use this simulation approach for one or more of the following reasons:
C they focus on one subsystem of the wind turbine, such as the generator, the drive train

and mechanical structure or the controllers, while neglecting the other subsystems,
whereas for investigation of the impacts of wind power on power system dynamics full
models are necessary [34, 35, 38, 39]

C they are not fully documented, i.e. either not all equations are given or the value of some
of the parameters is not specified [28]

C they contain time constants which are too short to be taken into account in power system
dynamics simulations [33, 36, 37, 40]

On the contrary, the models derived in this chapter can be used for representing wind turbines
in power system dynamics simulations that cover phenomena in a band width of 0.1 to 10 Hz,
because they:
C match the assumptions made in the power system dynamics simulation approach, i.e.

they contain no time constants shorter than .100 ms and there are only fundamental
frequency currents and voltages present at the terminals

C contain models of those subsystems that affect the interaction between the wind turbine
and the grid

C are fully documented, which means that all equations and parameters of the relevant
subsystems are given

The models presented in this chapter comprise a useful addition to the current state of
knowledge on wind turbine modelling because they enable the incorporation of wind turbine
models in power system dynamics simulations and facilitate studies of their impact on power
system dynamics.
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3.4 MODELLING CONTEMPORARY TYPES OF WIND TURBINES

3.4.1 Contemporary Types of Wind Turbines

Section 2.3 described the three most important contemporary wind turbine types: the constant
speed wind turbine with the squirrel cage induction generator and the variable speed wind
turbine with a doubly fed (wound rotor) induction generator or a direct drive synchronous
generator. For a more elaborate treatment of their working principles and advantages and
disadvantages, the reader is referred to section 2.3. The three wind turbine types are depicted
in figure 3.2.

Figure 3.2 Most frequently occurring actual wind turbine types. From the left: constant speed
wind turbine with squirrel cage induction generator, variable speed wind turbine with doubly
fed (wound rotor) induction generator and variable speed wind turbine with direct drive
synchronous generator.

3.4.2 Assumptions for Rotor and Generator Modelling

A state of the art rotor model to calculate the mechanical generator torque exercised by the
wind would be based on the blade element impulse method [7]. However, using the blade
element impulse method has a number of drawbacks, namely:
C It requires more knowledge of aerodynamics than most electrical engineers possess,

making the models difficult to use for the intended audience.
C It requires the simulation of a wind speed field including the spatial correlation between

its individual elements, rather than the simulation of a single point wind speed. It does
not allow the use of a measured wind speed sequence either.

C It requires detailed knowledge of the wind turbine blade geometry, which is often not
available, which is particularly true at the initial planning stages in which power system
studies are carried out.

Therefore, in the wind turbine models presented below, a quasistatic rotor model is used,
which assumes an algebraic relationship between the wind speed and the mechanical power
extracted from the wind. The disadvantages of using a quasistatic approach are a reduced
accuracy and a neglect of the dynamic nature of the conversion of wind speed to mechanical
torque. Nevertheless, given the objective of the research, we consider the advantages of the
quasistatic approach stronger than its disadvantages.
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The models of the generators in each of the wind turbine concepts are derived assuming the
following:
C Magnetic saturation is neglected.
C Flux distribution is sinusoidal.
C All losses are neglected, except for copper losses.
C The sum of the stator currents equals zero.
Depending on the wind turbine concept, other assumptions may apply as well. This will be
indicated when appropriate.

3.4.3 Constant Speed Wind Turbine Model

As discussed in section 2.3.1, the main subsystems of a constant speed wind turbine are a
rotor and a squirrel cage induction generator. It has, however, repeatedly been argued in the
literature that a representation of the low speed wind turbine shaft, which connects the wind
turbine rotor to the gearbox, should be included in the model, particularly for transient
stability studies [28, 41, 42]. 
The shaft of conventional synchronous generators is normally neglected in power system
dynamics simulations, because the torsional resonance frequencies tend to lie above 10 Hz,
the upper limit of the investigated frequency band [23]. However, this is not true for constant
speed wind turbines. Due to the softness of the low speed shaft between the turbine rotor and
the gearbox, its resonance frequency is in the order of 2 Hz and thus well within the
bandwidth of interest. Therefore, the shaft is also represented in the constant speed wind
turbine model presented here. The resonance frequencies of the gearbox and the high speed
shaft are well above 10 Hz [35]. These are therefore neglected.

The general structure of the constant speed wind turbine model is depicted in figure 3.3. From
the left, first a wind speed model is depicted of which the output is a wind speed sequence.
The wind speed sequence is converted into mechanical power by the rotor model. This
mechanical power serves as an input for the model of the shaft or the drive train, of which the
second input is the rotational speed of the generator. The outputs of the shaft model are the
wind turbine rotor speed and the mechanical generator power. The inputs of the generator
model are the mechanical power from the rotor model and the grid voltage and frequency. Its
outputs are the active and reactive power supplied to the grid.

Figure 3.3 General structure of constant speed wind turbine model.
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For each of the blocks depicted in figure 3.3, models will be presented below, apart from the
wind speed model and the fundamental frequency grid model. The wind speed model is
excluded, because the simulations in this chapter are carried out using a measured wind speed
sequence, making a wind speed model unnecessary. The grid model, which consists of an
impedance matrix, is excluded because it is already available in the simulation program, so
there is no need to include it in the model. A description of fundamental frequency grid
models can be found in the manual of PSS/E™ and in text books covering load flow
calculations [30, 81]. 

Rotor Model
The mechanical power extracted from the wind is calculated from the following equation

(3.2)

in which Pw is the mechanical power extracted from the airflow [W], D the air density [kg/m3],
cp the performance coefficient or power coefficient, 8 the tip speed ratio vt/vw,, the ratio
between the blade tip speed vt and the wind speed upstream the rotor vw [m/s], and Ar the area
swept by the rotor [m2].
In this thesis, only stall controlled constant speed wind turbines are considered, because pitch
controlled ones are not very common, for reasons discussed in section 3.3.1. Therefore, the
performance coefficient depends only on the tip speed ratio and not on the pitch angle, as was
the case in equation (2.1); the pitch angle is constant and is therefore not included as a
variable in equation (3.2). A numerical approximation of the cp(8) curve is obtained in the
following way:
1. The cp(8) curves of two commercially available wind turbines are calculated from the

power curve as given in the manufacturer’s documentation. By assuming the rotor speed
constant, the tip speed ratio can be calculated for each wind speed.

2. The obtained cp(8) curves are averaged.
3. The Matlab routine fminsearch is used to determine the coefficients in the equation

for the numerical approximation of the cp(8) curve in such a way that the sum of squares
of the error between the numerical approximation and the average cp(8) curve obtained
at step 2 is minimized.

The following equation was used to approximate the cp(8) curve

(3.3)

with

(3.4)
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The structure of this equation is obtained from [7]. However, only coefficients for the
approximation of the cp(8,2) curve of pitch controlled wind turbines are given here. Therefore,
it was necessary to calculate the value of the coefficients for a rotor model of a stall controlled
constant speed wind turbine. To this end, the pitch angle 2 was removed from (3.3). 
Figure 3.4 depicts the power curve that results when the numerical approximation of
equations (3.3) and (3.4) is applied, together with the power curve of the two commercially
available wind turbines from which the approximation was derived. Note that it is assumed
that equations (3.3) and (3.4) can be used to represent all constant speed wind turbines, i.e.
small differences between various wind turbines of different manufacturers are neglected.
High-frequency wind speed variations are very local and are therefore smoothed over the rotor
surface, particularly in the case of the present, large wind turbines. To approximate this effect,
a low pass filter is included in the rotor model. It is depicted in figure 3.5. The value of J
depends on the rotor diameter and also on the turbulence intensity of the wind and the average
wind speed [43]. In the simulations in this chapter, J equals 4.0 s. A periodic torque pulsation
is also added to the torque calculated from the wind speed to represent the tower shadow; the
term for the periodic decreases in mechanical torque that occur when one of the rotor blades
passes the tower. The frequency of this pulsation depends on the number of blades and the
rotor speed of the wind turbine. Its amplitude is assumed to equal 0.1 p.u., which results in
output power fluctuations with an amplitude of about 0.025 p.u. This value is in agreement
with measurements presented in the literature [28].

Figure 3.4 Comparison of numerical approximation of the power curve of a stall controlled
wind turbine according to equations (3.3) and (3.4) (solid) with the power curves of two
commercially available stall controlled wind turbines (dotted).

Figure 3.5 Low pass filter for including the smoothing of high-frequency wind speed
variations over the rotor surface.
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Shaft Model
Figure 3.6 shows a two mass representation of the rotating part a wind turbine. The reason
that a two mass representation is used, is that the only the low speed shaft of the turbine needs
to be included, as mentioned above. Its resonance frequency is about 2 Hz and hence well
within the bandwidth of interest, 0.1-10 Hz. The resonance frequencies of the gearbox and the
high speed shaft are much higher and therefore these are assumed to be infinitely stiff [35]. 
When the shaft damping is neglected, the shaft is described by the following equations:

(3.5)

where f is the nominal grid frequency [Hz], T is torque [p.u.], ( is the angular displacement
between the two ends of the shaft [electrical radians], T is rotational speed [p.u.], H is the
inertia constant [s] and Ks is the shaft stiffness [p.u. torque/electrical radians]. The indices wr,
m and e mean wind turbine rotor, generator mechanical and generator electrical respectively. 

Figure 3.6 Two mass representation of the rotating part of a wind turbine.

Generator Model
The following equations describe a squirrel cage induction generator in the d-q reference
frame [24]. The generator convention is applied, which means that rotor and stator currents
are positive when they are outputs
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(3.6)

with v the voltage, R the resistance,  i the current, Ts the stator electrical frequency, R the flux
linkage and s the rotor slip. All quantities are in per unit. In (3.6) the indices d and q indicate
the direct and quadrature axis components and s and r indicate stator and rotor quantities.
Apart from the generator resistance, all quantities in (3.6) chapter are functions of time. Also,
in all other equations in this chapter, all quantities except generator and controller parameters
are functions of time.
The d-q reference frame is rotating at the synchronous speed with the q-axis leading the d-axis
by 90°. The position of the d-axis coincides with the maximum of the stator flux, which
means that vqs equals the terminal voltage et and vds equals zero. The flux linkages in (3.6) can
be calculated using the following set of equations with all quantities in per unit [24]

(3.7)

with Lm the mutual inductance and LsF and LrF the stator and rotor leakage inductance
respectively. In (3.7) the generator convention is used again. The rotor slip s is defined as [24]

(3.8)

in which p is the number of poles and Tm is the mechanical frequency of the generator [rad/s].
From (3.6) and (3.7) the voltage current relationships of the squirrel cage induction generator
can be derived. When doing this, the stator transients, represented by the last terms in the
upper two equations of (3.6) must be neglected because of the simplifications in power system
dynamics simulations, as described in section 3.1.1. The following voltage current
relationship results in per unit quantities
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(3.9)

The equations for the active power P and reactive power Q generated or consumed by a
squirrel cage induction generator are the following

(3.10)

From this equation, it can once more be concluded that only the stator winding is connected to
the grid. Using equation (3.10), the active and reactive power fed into or drawn from the grid
can be calculated and used in the load flow solution algorithm of the simulation program.
Equations (3.9) and (3.10) describe the electrical part of a squirrel cage induction generator.
However, also the mechanical part must be taken into account in a dynamic model for use in
power system dynamics simulations. The following equation gives the electro mechanical
torque developed by a squirrel cage induction generator

(3.11)

The changes in generator speed that result from a difference in electrical and mechanical
torque can be calculated using the generator equation of motion

(3.12)

in which Hm is the inertia constant of the generator rotor [s] and Tm is the mechanical torque
[p.u.]. Equation (3.12) is identical to the middle equation of (3.5). The equation of motion of
the generator couples the mechanical and electrical system and in this case, the mechanical
torque of the generator depends on the angular displacement between the shaft ends.
Equations (3.2) to (3.5) and (3.8) to (3.12) form a model of a constant speed wind turbine that
can be used in power system dynamics simulations. In its present form, the model contains
five states and the equations describe a generator equipped with a single cage rotor winding. If
necessary, equation (3.9) can be modified in order to represent a rotor with multiple rotor
windings [24].

3.4.4 Model of Wind Turbine with Doubly Fed Induction Generator

In figure 3.7, the structure of a variable speed wind turbine with a doubly fed induction
generator is depicted. The model consists of a block whose output is a wind speed sequence.
Like for the constant speed turbine, this block can either contain a wind speed model or a
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measured wind speed sequence. In this chapter, the latter is the case. Then, again a rotor
model, a generator model and a grid model follow. Their inputs are the wind speed,
mechanical rotor speed and pitch angle, the torque exerted by the rotor and the current from
the converter and the active and reactive power, respectively. 
However, because a doubly fed induction generator is more complex, there are a number of
additional blocks in figure 3.7 compared to figure 3.3, namely:
C A pitch angle controller, which controls the blade pitch angle based on the actual value

of the rotor speed, which is therefore an input to the controller.
C A rotor speed controller, which determines a set point for active power based on the

actual value of the rotor speed, which is therefore an input to this controller as well.
C The model of the converter and the protection system, which controls the rotor current

of the doubly fed induction generator based on the set point of the rotor speed controller,
the voltage controller and the actual value of the terminal voltage, which are hence all
inputs to this subsystem.

For each of the indicated blocks, models are presented below, except for the wind speed
model and the fundamental frequency grid model, for reasons explained at the start of section
3.2.2.

Figure 3.7 General structure of a model of a variable speed wind turbine with a doubly fed
induction generator.

Note that there is no shaft representation included in the mode of the doubly fed induction
generator. Variable speed wind turbines include advanced controllers, in order to minimize
any effects from the shaft. If a shaft model were to be included, these controllers would have
to be included as well, but this topic is considered beyond the scope of this thesis. As the goal
of these controllers is to minimize the impact of the shaft, it can as well be assumed that these
controllers are perfect, which is equivalent to neglecting the shaft. Therefore, the electrical
and mechanical behaviour of variable speed wind turbines are for a large part decoupled. It is
therefore not necessary to include a shaft model if the main topic of interest is the impact of
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the wind turbine on power system dynamics, like in this thesis. Measurements supporting this
assumption can be found in the literature [44, 45].

Rotor Model
The mechanical power that the rotor extracts from the wind is calculated using equation (2.1),
which is repeated here for convenience:

(3.13)

Notice that the performance coefficient cp is not only dependent on the tip speed ratio 8, as ws
the case in equation (3.2), but also on the pitch angle 2 [deg]. This is caused by the fact that
variable speed wind turbines are assumed to be equipped with a pitch angle controller, as is
normally the case.
A numerical approximation of the cp(8,2) curve was obtained in the same way as for the
constant speed wind turbine. Again, the general structure of the equation is identical to the
one given in [7]. However, although the coefficients given therein refer to the rotor of a pitch
controlled wind turbine, their value has been changed in order to obtain better correspondence
between the numerical approximation and the curves found in manufacturer’s documentation. 

A factor that complicates the usage of the approach for numerically approximating the cp(8)
curve of a constant speed wind turbine as given in section 3.2.1 to develop an approximation
for the cp(8,2) curve of variable speed wind turbines is that the steady state rotor speed at a
certain amount of generated power is not given in manufacturer’s documentation. This was
solved by assuming that the rotor speed is equal to its minimum value at zero power and to its
nominal value at nominal power. As will be discussed when deriving a model of the rotor
speed controller, the values of the rotor speed between minimum and maximum can then be
calculated when it is assumed that the rotor speed is controlled such that an optimal energy
yield is obtained.

The following equation was used to approximate the cp(8,2) curve:

(3.14)

with

(3.15)

The upper graph of figure 3.8 shows the power curve that results when the numerical
approximation of equations (3.14) and (3.15) is applied, together with the power curve of the
two commercially available wind turbines from which the approximation was derived. These
curves can be found in product descriptions of wind turbines and are publicly available. In the
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lower graph, the approximation for the pitch angle is depicted. Only one example could be
found in the consulted product descriptions of various manufacturers.
Again, a low pass filter is included in the rotor model, although this is less important than in
case of the constant speed wind turbine model, because in variable speed wind turbines the
rotor itself acts as a low pass filter. The tower shadow was not incorporated in the rotor model
of this wind turbine concept, because it can be concluded from measurements that it is hardly
reflected in the generated power [44, 45]. 

Figure 3.8 Upper graph: comparison of numerical approximation of the power curve of a
pitch controlled wind turbine (solid) with the power curves of two existing pitch controlled
wind turbines as found in manufacturer’s documentation (dotted). Lower graph: pitch angle
deviation above nominal wind speed based on numerical approximation (solid) and
manufacturer’s documentation (dotted).

Generator Model
A model of a doubly fed induction generator is similar to that of a squirrel cage induction
generator. The first difference is that the rotor windings are not shorted, thus the rotor voltage
does not equal zero. Equation (3.6) therefore becomes
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(3.16)

The flux linkage equations of a doubly fed induction generator are identical to that of the
squirrel cage induction generator, as given in (3.7). Note that it is assumed that the sum of the
rotor currents of the doubly fed induction generator is equal to zero.
To obtain the voltage current relationship, the stator transients must again be neglected in
order to make the generator compatible with the assumptions used in power system dynamics
simulations. However, this time the rotor transients must be neglected as well [46]. Taking
them into account would necessitate detailed modelling of the converter including the
semiconductor switches and the current control loops. The reason for this is that when the
rotor transients are included, instantaneous flux changes would be impossible and the power
electronic converters could not be modelled as current sources, but would have to be modelled
as current controlled voltage sources. This would result in time constants well below 100 ms,
the typical minimum value of the time constant studied in power system dynamics
simulations. The resulting model would also be much more complex and therefore difficult to
use and more parameters would be required, which are often difficult to obtain in practice.
With this approach, the following voltage current relationships result in per unit quantities

(3.17)

In [47], it is proposed to include the dR/dt terms of the rotor voltage equations in the model
and to model the rotor side of the power electronic converter that feeds the rotor winding as a
fundamental frequency voltage source with current control loops, instead of as a current
source. The value of various model parameters is not supplied and no simulation results are
presented. It is therefore doubted whether this models can be used for power system dynamics
simulations.
The equations for active power P and reactive power Q generated or consumed by a doubly
fed induction generator are similar to that of the squirrel cage induction generator. However,
in the doubly fed induction generator, the rotor winding can also be accessed, leading to terms
that refer to the rotor winding in the equations for P and Q
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(3.19)

(3.18)

It should be noted that the reactive power Q in equation (3.18) is not necessarily equal to the
generated reactive power fed into the grid, which is the quantity that must be used for the load
flow. This quantity depends on the control strategy for the grid side of the power electronic
converter that feeds the rotor winding. The active power P in equation (3.18) is equal to the
active power fed into the grid, because although the converter can generate or consume
reactive power, it cannot generate, consume or store active power, at least not on the time
frame studied in power system dynamics simulations.
The equation for electromechanical torque and the equation of motion of a doubly fed
induction generator are equal to that of a squirrel cage induction generator, as given in
equations (3.11) and (3.12).

Model of Converter and Protection System
The converter is modelled as a current source that supplies a sinusoidal current at the
electrical rotor frequency, as mentioned above. This assumption is only true if the current
control loops of the power electronic converter connected to the rotor winding are able to
quickly reach a new set point for the rotor current. With modern power electronic converters
with high switching frequencies and advanced controllers, this is generally the case provided
that the converter operates within the design limits.
The latter is, however, not true during a voltage drop caused by a grid fault. Nevertheless, this
is not considered a problem, because the response of the power electronic converter to a
voltage drop is characterized by very high frequency phenomena that do not affect the
quantities investigated with power system dynamics simulations. Therefore, a low frequency
representation of the behaviour of the converter during faults must be incorporated in the
model, like is done for HVDC converters [30]. The appropriateness of this approach requires
further research, and is beyond the scope of this thesis.
The current set points are derived from the active and reactive power set points. The active
power set point is generated by the rotor speed controller, based on the actual rotor speed
value. The reactive power set point is generated by the terminal voltage or power factor
controller, based on the actual value of the terminal voltage or the power factor.
If the stator resistance is neglected and it is assumed that the d-axis coincides with the
maximum of the stator flux, which implies that vds equals zero and vqs equals the terminal
voltage, the electrical torque is dependent on the quadrature component of the rotor current
[7]. The following relation between electrical torque and iqr can be derived from equations
(3.7), (3.9) and (3.11)
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(3.20)

in which vt is the terminal voltage. Using the actual value of the rotor speed, a set point for the
electrical torque can be derived from the active power set point generated by the rotor speed
controller. Equation (3.19) can then be used to calculate the set point for iqr.
The reactive power is dependent on the direct component of the rotor current. Using equations
(3.7), (3.9) and (3.10), and again neglecting the stator resistance and assuming that the d-axis
coincides with the maximum of the stator flux, it can be shown that 

Using this equation, a set point for idr can be derived from the active power set point generated
by the terminal voltage/power factor controller.
The grid side of the converter is described by the following equations

(3.21)

in which the index c means converter. In this equation Pc is equal to the rotor power of the
doubly fed induction generator and can be multiplied with the converter efficiency if the
converter losses are to be included. Qc depends on the control strategy and the converter
rating, but normally equals zero.

The model of the protection system consists of three parts:
C a converter current limiter
C a part that switches off the wind turbine when the terminal voltage deviates more than a

specified amount from its nominal value during a specified time interval
C a part that switches off the wind turbine when the grid frequency deviates more than a

specified amount from its nominal value during a specified time interval
The converter current must be limited to protect the semiconductor switches in the power
electronic converter. The limiter’s boundaries are specified by giving the maximum amount of
reactive power the wind turbine can generate in per unit. From this value and the nominal
active power, the nominal current is calculated for nominal terminal voltage. This way of
specifying the current limits is more user friendly than specifying the current limits directly. It
is also possible to specify an overloading percentage and a time during which the converter
can be overloaded, because power electronic converters may have a limited overloading
capability, depending on the design [48].
The parts of the protection system reacting to voltage and frequency are characterized by the
upper and lower voltage and frequency boundary values that can be tolerated and by the time
interval during which these values are allowed to be exceeded. If voltage and frequency return
to within these boundary values after having exceeded them, the timer is reset and starts again
if the boundary values are exceeded once more. When voltage and frequency do not return to
values within the allowable range during the specified time interval, the wind turbine is
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disconnected. It is reconnected when the terminal voltage and/or frequency have returned to
within their allowable limits again, after which active and reactive power are ramped up to
their initial values. All protection system parameters can be adjusted. Boolean logic is used
for the implementation of the protection system, which is based on if..then..
constructions.

Rotor Speed Controller
The speed controller of the wind turbine model operates as follows:
C With a sample frequency fss [Hz], the actual rotor speed is measured. The sample

frequency is in the order of 20 Hz.
C From this value a set point for the generated power is derived using the control

characteristic.
C Taking into account the actual generator speed, a torque set point is derived from the

power set point.
C A current set point is derived from the torque set point, using equation (3.19).
C As a result of the generator and converter modelling approach described above, this

current set point is reached immediately. In practice, the current set point would be used
as an input to the current control loops and it would take some time to achieve the
desired value of the current. However, the time necessary to arrive at the new current is
well below the bandwidth of 10 Hz.

To acquire a set point for generated real power, a rotor speed versus generator power
characteristic is used. In most cases, the rotor speed is controlled in such a way that optimal
energy capture is achieved, although sometimes other goals, particularly noise minimization,
are pursued.
The solid line in figure 3.9 depicts the rotor speed versus power characteristic that leads to
optimal energy capture, while reducing the thrust at the nominal wind speed. At low wind
speeds, the rotor speed is kept at its minimum by adjusting the generator torque. At medium
wind speeds, the rotor speed varies proportionally to the wind speed in order to keep the tip
speed ratio 8 at its optimal value. When the rotor speed reaches its nominal value, the
generator power is kept at its nominal value as well [44, 49, 50]. 

However, controlling the power according to the rotor speed versus power characteristic that
leads to optimal energy capture causes some problems:
C The desired power is not defined uniquely at nominal and minimal rotor speed.
C If the rotor speed decreases from slightly above nominal speed to slightly below

nominal speed or from slightly above minimal speed to slightly below minimal speed,
the change in generated power is very large.

To solve these problems, a control characteristic similar to the one that leads to optimal
energy capture is used here. This control characteristic is depicted by the dashed line in figure
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3.9. The problem is sometimes also solved by applying more advanced controller types, such
as integral controllers or hysteresis loops [50, 51].
The points at which the implemented control characteristic deviates from the control
characteristic leading to optimal energy capture can be adjusted in the model. If these points
are close to the minimal and the nominal rotor speed, the maximum amount of energy is
extracted from the wind over a wide range of wind speeds, but for changes in the rotor speed
near the minimum and nominal rotor speed result in large power fluctuations. If these points
lie further away from the minimal and nominal rotor speed, the wind speed range in which
energy capture is maximal is narrowed, but the power fluctuations near minimal and nominal
rotor speed are smaller.

Figure 3.9 Optimal (solid) and implemented (dotted) rotor speed versus power characteristic
of an example variable speed wind turbine.

Finally, it should be mentioned that purely theoretically the solid line in figure 3.9 only leads
to optimal energy capture when the mechanical power extracted by the rotor, rather than the
generated electrical power is controlled accordingly. The difference between these two
quantities is made up by the generator losses. However, the maximum of the cp(8,2)
characteristic is rather flat [7]. Therefore, it is assumed that in practice the decrease in energy
yield introduced by neglecting the generator losses, which are difficult to calculate in advance
and depend on the generator operating point, is negligible and the generator power is
controlled according to the dashed characteristic depicted in figure 3.9.

Pitch Angle Controller
The pitch angle controller is only active in high wind speeds. In those circumstances, the rotor
speed can no longer be controlled by increasing the generated power, as this would overload
the generator and/or the converter. To prevent the rotor speed from becoming too high, which
would result in mechanical damage, the blade pitch angle is adjusted in order to limit the
aerodynamic efficiency of the rotor. The optimal pitch angle is approximately zero below the
nominal wind speed and from the nominal wind speed on, it increases steadily with the wind
speed, as can be seen in figure 3.8. With equations (3.14.) and (3.15) the impact of the pitch
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(3.22)

angle on the performance coefficient can be calculated and the resulting value can be
substituted in equation (3.13) to calculate the mechanical power from the wind.
It should be taken into account that the pitch angle cannot change immediately, but only at a
finite rate. The rate of change may be quite low due to the size of the rotor blades of modern
wind turbines and the desire to save money on the blade drives. The maximum rate of change
of the pitch angle is in the order from 3 to 10 deg/s, depending on the size of the wind turbine.
Because the blade pitch angle can only change slowly, the pitch angle controller works with a
sample frequency fps which is in the order of 1 to 3 Hz. In figure 3.10 the pitch angle
controller is depicted. The model offers the possibility to specify all parameters shown in this
figure.
Note that using this controller type, the rotor speed is allowed to exceed its nominal value by
up to 20%, depending on the value of Kpa. However, a proportional controller is used,
because:
C a slight overspeeding of the rotor above its nominal value can be allowed and poses no

problems for the wind turbine construction
C the system is never in steady state due to the varying wind speed, so that the advantage

of an integral controller, which can achieve zero steady state error, is not applicable

Figure 3.10 Pitch angle controller model.

Terminal voltage controller
A variable speed wind turbine with a doubly fed induction generator is theoretically able to
vary its reactive power output and thus to take part in terminal voltage control. As can be
concluded from equation (3.20), the reactive power exchanged with the grid can be controlled,
provided that the current rating of the power electronic converter is sufficient to circulate
reactive current even at nominal active current.
The first term in equation (3.20) determines the net reactive power exchange with the grid,
which can be controlled by changing idr. The second term represents the magnetization of the
stator. By rewriting equation (3.20) in the following way
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(3.23)

(3.24)

it can be seen that idr,magn, the rotor current required to magnetize the stator, equals

The nett reactive power exchange with the grid then equals

A terminal voltage controller for a doubly fed induction generator is depicted in figure 3.11.
When the value of Kv is changed to zero, a controller keeping the power factor equal to one
results. This is the dominating mode of operation nowadays.
 

Figure 3.11. Terminal voltage controller for variable speed wind turbine with doubly fed
induction generator.

It should be noted that practical terminal voltage controllers might differ from the one
depicted in figure 3.11. However, the same applies to other components of a power system: it
is a general problem in power system dynamics simulations that the structure and parameters
of the models of the components are not available. Standard governor and exciter models for
synchronous generators have for instance been developed to represent controllers whose exact
structure and parameters are not known in simulations [30]. This problem is also alleviated by
the fact that the results of power system dynamics simulations depend only to a limited extent
on the exact structure and the parameters of the individual controllers. Therefore, in many
cases, a proportional voltage controller will probably even suffice. 

3.4.5 Model of Wind Turbine with Direct Drive Synchronous Generator

The general structure of a model of a wind turbine with a direct drive synchronous generator
is depicted in figure 3.12. The model of a variable speed wind turbine with a direct drive
synchronous generator is similar to that of a variable speed wind turbine with a doubly fed
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induction generator. The rotor model, the rotor speed and pitch angle controllers and the
converter and protection system model are identical. There are, however, differences in the
generator model, because a different generator type is applied and there are differences in the
voltage controller model, because the reactive power generation or consumption of a wind
turbine with a direct drive synchronous generator is not governed by the generator, but by the
grid side of the converter. Therefore, only the generator model and the terminal voltage
controller will be treated below.

Figure 3.12. General structure of a model of a variable speed wind turbine with a direct drive
synchronous generator.

Generator Model
In wind turbines, both synchronous generators with a wound rotor and synchronous generators
with a permanent magnet rotor are used. For a wound rotor synchronous generator, the flux
equations in a d-q reference frame are the following, assuming the generator convention for
the stator windings [24]

(3.25)

in which the index fd stands for field winding quantities. Damper windings are neglected,
because they hardly effect the grid interaction in power system dynamics simulations, due to
the decoupling effect of the power electronic converter. In case of a permanent magnet rotor,
the last equation of (3.25) disappears and the first one becomes

(3.26)

in which Rp equals the amount of flux of the rotor mounted permanent magnets linked by the
stator winding.
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The voltage equations are

(3.27)

The dR/dt terms in the stator equations are neglected, to eliminate the short time constants
associated with these terms and to allow a simplified representation of the power electronic
converter. The active and reactive power are given by equation (3.10) and the torque equation
is equal to that of the asynchronous machine, given in (3.11). The control strategy of the
generator depends on whether a generator with a wound rotor or a permanent magnet rotor is
used and on whether a diode rectifier or a back-to-back voltage source converter is applied. 
When a diode rectifier is used, the generator power factor equals unity when commutation is
neglected. In the upper equation of (3.25) the term Ldsifd or in (3.26) the term Rp is known. The
excitation current ifd follows from the excitation voltage, which depends on the control
strategy. Excitation control can e.g. be aimed at minimizing the generator losses. In a
permanent magnet generator, the flux linkage of the permanent magnets Rp is determined by
the generator design. Further, the desired active power P is known, because it is derived from
the actual value of the rotor speed Tm, according to the control characteristic depicted in figure
3.9. Thus, the following four equations with four unknowns result for a synchronous generator
with a wound rotor 

(3.28)

For a synchronous generator with permanent magnets, the second equation becomes

(3.29)

Equation (3.28), if applicable combined with (3.29), can be solved, after which the d and q
components of stator voltage and current are known. By controlling the stator voltage of the
generator accordingly, the desired operating point can be reached.
When instead of a diode rectifier, a back-to-back voltage source converter is applied, the user
can not only determine the active power P but also the reactive power Q. The last equation of
(3.28) changes to

(3.30)

The other equations remain unchanged and again a system with four equations and four
unknowns is obtained. 
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It must be emphasized that Qs in equations (3.28) and (3.30) is not equal to the reactive power
exchanged with the grid. The reactive power value to be used in the load flow is determined
by the control of the grid side of the power electronic converter and is fully decoupled from
the reactive power of the generator itself, which is exchanged with the generator side of the
converter, and not with the grid.

Terminal Voltage Controller Model
The voltage controller as applied in a direct drive wind turbine is different from that in a wind
turbine with a doubly fed induction generator, because the generator is fully decoupled from
the grid. It is hence not the generator that generates active power and controls the terminal
voltage, but the converter. The generated reactive power is given by the lower equation of
(3.21). Assuming that the terminal voltage vt is equal to vqc in equation (3.21), the model of
the voltage controller is depicted in figure 3.13. If wind turbines operating with a power factor
equal to one are to be simulated, the voltage controller can be removed.

Figure 3.13 Terminal voltage controller for variable speed wind turbine with direct drive
synchronous generator.

3.5 COMPARISON OF SIMULATION RESULTS AND MEASUREMENTS

In this section, the responses of the models to a particular measured wind speed sequence is
investigated and compared to actual measurements. The measurements have been obtained
from wind turbine manufacturers under a confidentiality agreement. Therefore, the wind
turbine types are not given and all values except the wind speed and pitch angle are in per unit
without indicating their base values. The simulation results presented here were obtained with
MATLAB®.
In the upper graph of figure 3.14, a measured wind speed sequence is depicted. Subsequently,
the simulated rotor speed, the pitch angle if applicable and the output power are depicted for
each of the wind turbine types. In the upper graph of figure 3.15, three measured wind speed
sequences are shown. Then, the measured rotor speed and pitch angle of both a variable speed
wind turbine with doubly fed induction generator and with a direct drive synchronous
generator are shown. In the lower graph, the measured output power of all three turbine types
is depicted.  The rotor speed of the constant speed wind turbine was not measured, because
the small variations of the rotor speed are hard to measure; therefore, this quantity is not



Wind Power: Modelling and Impact on Power System Dynamics66

depicted. In both figures, the meaning of each of the curves is indicated in the graphs. The
characteristics of the wind turbine are given in table 3.1. The generator parameters of the
induction generator used in the constant speed wind turbine and the variable speed wind
turbine with a doubly fed induction generator are given in table 3.2; the parameters of the
direct drive synchronous generator are given in table 3.3.

Table 3.1. Characteristics of simulated wind turbine.
Wind turbine characteristic Value

Rotor speed (constant speed) 17 RPM

Minimum rotor speed (variable speed) 9 RPM 

Nominal rotor speed (variable speed) 18 RPM

Rotor diameter 75 m

Rotor swept area Ar 4418 m2

Nominal power 2 MW

Nominal wind speed (constant speed) 15 m/s

Nominal wind speed (variable speed) 14 m/s

Gear box ratio (constant speed) 1:89

Gear box ratio (doubly fed) 1:100

Inertia constant H 2.5 s

Shaft stiffness (constant speed) Ks 0.3 p.u./el. rad.

Table 3.2. Induction generator parameters.
Generator characteristic Value

Number of poles p 4

Generator speed (constant speed) 1517 RPM

Generator speed (doubly fed) 900-1900 RPM

Mutual inductance Lm 3.0 p.u.

Stator leakage inductance LsF 0.10 p.u.

Rotor leakage inductance LrF 0.08 p.u.

Stator resistance Rs 0.01 p.u.

Rotor resistance Rr 0.01 p.u.

Compensating capacitor (constant speed) 0.5 p.u.

Inertia constant H 0.5 s
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Table 3.3. Direct drive synchronous generator parameters.
Generator characteristic Value

Number of poles p 80

Generator speed 9-19 RPM

Mutual inductance in d axis Ldm 1.21 p.u.

Mutual inductance in q axis Lqm 0.606 p.u.

Stator leakage inductance LsF 0.121 p.u.

Field inductance Lfd 1.33 p.u.

Stator resistance Rs 0.06 p.u.

Field resistance Rfd 0.0086 p.u.

Inertia constant H 1.0 p.u.

The available measurements cannot be used for a quantitative validation of the models for two
reasons. Firstly, the wind speed is measured with a single anemometer, whereas the rotor has a
large surface. Secondly, the measured wind speed is severely disturbed by the rotor wake,
because the anemometer is located on the nacelle. Therefore, the wind speed as measured with
a single anemometer is not an adequate measure of the wind speed acting on the rotor as a
whole and it is not possible to feed a measured wind speed sequence into the model in order
to compare measured and simulated response of the turbine.
The discrepancy between the wind speed measured with a single anemometer and the
aggregated wind speed acting on the rotor is clearly illustrated by the behaviour of the variable
speed wind turbine with doubly fed induction generator from about 18 to 23 seconds. The
wind speed decreases from about 12 to 10 m/s. However, rotor speed, pitch angle and
generated power increase. If the wind speed as measured by the anemometer were a good
indicator for the wind speed acting on the rotor as a whole, the observed behaviour would of
course be impossible.
Thus, although it would be possible to use the wind speed sequence measured by the
anemometer as the model’s input, it is not possible to validate the model by comparing the
measured and simulated response to that wind speed sequence quantitatively. Therefore, only
a qualitative comparison was carried out.

The comparison of the simulation results and the measurements is based on a time sequence
and not on a frequency domain analysis, i.e. on the Fourier transformed time series. The main
reason for this is that not all dynamic modes are included in the constant speed wind turbine
model. The two most important modes, the tower shadow and the low speed shaft torsional
resonance are included and an analysis of the Fourier transform of the simulated time series
has shown that they can indeed be observed in the Fourier transform. However, other modes,
such as the torsional resonance of the coupling of the blade to the shaft have not been
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included. Their impact on the value of the output power, which is our main interest, is very
limited. Nevertheless, they are observed in the Fourier transform if the measurements and
could hence raise unjustified doubts with respect to the validity of the model. In case of a
variable speed wind turbine, Fourier transformed signals do not give much useful information,
because the mechanical properties of the generator are not reflected in the output.

Conclusions from the Comparison
From the simulation results depicted in figure 3.14, it can be concluded that: 
C Particularly short term (seconds) output power fluctuations are more severe for a

constant speed wind turbine than for both types of variable speed wind turbines. This is
because in variable speed wind turbines the rotor acts as an energy buffer. As a result,
rapid wind speed changes and the tower shadow are not reflected in the rotor speed nor
in the power supplied to the grid.

C The response of the variable speed wind turbine types is similar, because their behaviour
is for the largest part determined by the controllers, which are identical.

These findings also apply to the measurements depicted in figure 3.15. 
When the simulated and measured responses are compared, it can be seen that:
C The ranges of the measured and simulated rotor speed fluctuations of the variable speed

turbines are similar (they fluctuate within a band of about 0.1 p.u. width).
C Measured and simulated pitch angle behaviour are similar with respect to the rate of

change (.3-5 deg/s) and the minimum (.0 deg) and maximum value (.6 deg).
C The ranges of the measured and simulated output power fluctuations of the constant

speed wind turbine and that of the wind turbine with doubly fed induction generator are
similar (they fluctuate within a band of .0.3-0.4 p.u. width).

C The rates of change of the measured and of the simulated output power fluctuations of
the constant wind turbine show differences. However, it can be observed that there is a
rather poor correlation between the measured wind speed and output power in case of
the constant speed wind turbine. The observed discrepancies between measurement and
simulation are therefore probably caused by inaccuracies in the measurements, rather
than by the model.

C The ranges of the measured (.0.2 p.u.) and simulated (.0.4 p.u.) output power
fluctuations of the wind turbine with direct drive synchronous generator are different,
which is, however, probably caused by the fact that the direct drive wind turbine was
only exposed to rather high wind speeds in the measurements, whereas in the
simulation, also lower wind speeds occurred.

Although a quantitative validation of the models is not possible with the available
measurements, this qualitative comparison of measured and simulated responses gives
confidence about the accuracy and applicability of the derived models and shows that the
consequences of the assumptions and simplifications applied in modelling the rotor, the
generator and the controllers are rather limited. Probably, the consequences of the
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Figure 3.14 Simulated responses of each of the investigated wind turbine types. Starting from
above: measured wind speed and simulated rotor speed, pitch angle and output power.
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Figure 3.15 Measured responses of each of the investigated wind turbine types. Starting from
above: measured wind speed, rotor speed, pitch angle and output power.
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simplifications for the simulation results are smaller than that of other sources of uncertainty,
such as generator and controller parameters and the topology of the investigated power
system.

3.6 ILLUSTRATION OF TERMINAL VOLTAGE CONTROLLER FUNCTIONING

In this section, the functioning of the terminal voltage controller will be illustrated by means
of simulation results. The simulations that are carried out are identical to those on which
figure 3.14 is based. The wind turbine was connected to an infinite bus by an impedance of
0.01+0.1j per unit on a 2 MVA base. After 30 seconds, the value of the voltage of the infinite
bus dropped by 0.025 p.u. In practice, such a voltage drop could be caused by switching on a
large reactive load or by tripping of a nearby generator or transmission line. The resulting
terminal voltage is depicted in figure 3.16.
From this figure, the following can be concluded:
C The frequency of the voltage variations is highest in the case of a constant speed wind

turbine. This is caused by the constant rotational speed of the rotor, because the
generator is directly grid coupled. Therefore, the rotating mass cannot act as an energy
buffer, as is the case for both types of variable speed wind turbines. Changes in wind
speed as well as the tower shadow are directly transferred into changes in active power.
Because the reactive power consumed by the generator depends on the active power,
this in turn influences both the generated reactive power and the terminal voltage.

C The terminal voltage variations are relatively high in case of a constant speed wind
turbine and a variable speed wind turbine in unity power factor mode. This is caused by
the relatively high impedance of the grid connection and cannot be attributed to be a
general characteristic of the constant speed turbine or of variable speed wind turbines
operated at unity power factor.

C The response of the variable speed wind turbine types is similar, which is because their
behaviour is for the largest part determined by the controllers, which are identical.

C The terminal voltage is smoothest in the case of the variable speed wind turbines in
voltage control mode. This can of course be expected, because it is obvious that a wind
turbine with terminal voltage controller should perform better than one without terminal
voltage controller. 

C Although their voltage controllers work in a different way, the performance of both
types of variable speed wind turbines is similar. If the controllers are well designed,
both types of variable speed wind turbines perform with respect to terminal voltage
control equally well.

C Finally, it is clear that only in the case of variable speed wind turbines in voltage control
mode, the grid voltage drop is compensated and the wind turbine terminal voltage is
kept close to its reference value. Only variable speed wind turbines in voltage control
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Figure 3.16. Terminal voltage when the simulated wind turbines are connected to an infinite
bus by an impedance of 0.01+0.1j p.u. on a 2 MVA base. Starting from above: constant speed
wind turbine, variable speed wind turbine with doubly fed induction generator, variable speed
wind turbine with direct drive generator. In the middle and lower figure, the solid lines
correspond to wind turbines operating at unity power factor, the dotted lines to wind turbines
operating in voltage control mode.

mode are capable of terminal voltage control independent of the grid voltage, as long as
their operating limits are not exceeded.  

The first three findings also apply to the measurements depicted in figure 3.15. 
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3.7 CONCLUSIONS

The topic covered in this chapter was the development of models of the most important
current wind turbine types for power system dynamics simulations. First, the power system
dynamics simulation approach was introduced, the assumptions on which it is based were
discussed and the software package used for the research was described. Then, an overview
over the area of wind turbine modelling and simulation was given and the contribution of the
models presented in this chapter was indicated: they are particularly developed for use in
power system dynamics simulations and contain all subsystems that are of importance in these
simulations and only those time constants that are within the band width of interest.
The main part of the chapter consists of a description of models of the constant speed wind
turbine with a squirrel cage induction generator and the variable speed wind turbine with a
doubly fed induction generator and the one with a direct drive synchronous generator. The
structure of the model of each of these turbine types was depicted, after which equations for
each of the subsystems were given. The implications of the assumptions on which the power
system dynamics simulation approach is based, were explicitly taken into account in the
simplification of these equations.
Finally, the models were used in simulations in order to compare the simulation results with
measurements and to investigate the impact of the turbines on the grid voltage and the effect
of the terminal voltage controller on both variable speed types. It was explained that it is not
possible to use the measurements for a quantitative validation of the models and therefore
only a qualitative comparison was carried out. This comparison showed that the models are
reasonably accurate and can be used in power system dynamics simulations. The investigation
of the impact of the wind turbines on the grid voltage showed that the grid voltage is effected
mostly by constant speed wind turbines. With variable speed wind turbines, the impact is
already less when they operate in unity power factor mode, as the rotor functions as an energy
buffer. Equipping variable speed wind turbines with a terminal voltage controller that adapts
the reactive power exchange with the grid based on the actual value of the voltage further
reduces their impact on the grid voltage and can even help to compensate for voltage drops.
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