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Preface

The wind is a free, clean, and inexhaustible energy source. It has served mankind
well for many centuries by propelling ships and driving wind turbines to grind grain and
pump water. Interest in wind power lagged, however, when cheap and plentiful
pefroleum ducts became available after World War [[ . The high capital costs and the
uncertainty of the wind placed wind power at an economic disadvantage. Then in 1973, the
Arab nations placed an embargo on petroleum. The days of cheap and plentiful petroleum
were drawing to an end.

People began to realize that the world’s oil supplies would not last forever and that
remaining supplies should be conserved for the petrochemical industry ({7 jh1k2% Tb).
The use of oil as a boiler fuel, for example, would have to be eliminated. Other energy
sources besides oil and natural gas must be developed.

The two energy sources besides petroleum which have been assumed able to supply the
long term energy needs of mankind are coal and nuclear energy. Many people think there is
enough coal for several centuries at present rates of consumption, and likewise for nuclear
energy after the breeder reactor (#% fg Jx i #£) is fully developed. These are proven
resources in the sense that the technology is highly developed and large coal and nuclear
powered electrical generating plants are in operation and are delivering substantial blocks of
energy to the consumer. Unfortunately, both coal and nuclear presented serious
environmental problems.

Coal requires large scale mining operations, leaving land that is difficult or impossible
to restore to usefulness in many cases. The combustion of coal may upset the planet’s heat
balance. The production of carbon dioxide ( . A fk. %) and sulfur dioxide ( — 8 AL )
may affect the atmosphere and the ability of the planet to produce food for its people. Coal
is also a valuable petrochemical feedstock and many consider the burning of it as a boiler
fuel to be foolish.

Nuclear energy has several advantages over coal in that no carbon dioxide or sulfur
dioxide are produced, mining operations are smaller scale, and it has no other major use
besides supplying heat. The major difficulty is the problem of waste disposal, which,
because of the fears of many, will probably never have a truly satisfying solution.

Because of these problems, wind power and other forms of solar power are being
strongly encouraged. Wind power may become a major source of energy in spite of slightly

higher costs than coal or nuclear power because of the basically non-economic or political
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problems of coal and nuclear power. This is not to say that wind power will always be
more expensive than coal or nuclear power, because considerable progress is being made in
making wind power less expensive. But even without a clear cost advantage, wind power
may become truly important in the world energy picture.

Motivated by the high dependence of global economies on fossil fuels and the concern
about the environment, increasing attention is being paid to alternative methods of
electricity generation. In this trend towards the diversification of the energy market, wind
power is probably the most promising sustainable energy resource. The wind is a clean and
inexhaustible resource available all over the world. Recent progress in wind technology has
led to cost reductions to cost levels comparable, in many cases, with conventional
methods of electricity generation. Further, the number of wind turbines coming into
operation increases significantly year after year.

Wind energy conversion is hindered by the intermittent and seasonal variability of the
primary resource. For this reason, wind turbines usually work with low conversion
efficiency and have to withstand heavy aerodynamic loads (‘3 5% fif), which deteriorate
the power quality. In spite of this, wind turbines with rudimentary control systems
predominated for a long time, the prevailing goal being the minimization of the cost and
maintenance of the installation. More recently, the increasing size of the turbines and the
greater penetration of wind energy into the utility networks of leading countries have
encouraged the use of electronic converters and mechanical actuators® . These active
devices have incorporated extra degrees of freedom to the design that opened the door to
active control of the captured power®. Static converters used as an interface to the electric
grid enable variable-speed operation, at least up to rated speed (i # ). In addition to
increasing the energy capture, variable-speed turbines can be controlled to reduce the
loading on the drive-train and tower structure, leading to potentially longer installation
life. Increasingly, modern wind turbines include mechanical actuators with the aim of
having control of the blade pitch angle (I J5 3£ 85 ). Pitch control (3 §E ¥ 4]) is
commonly meant to limit the captured power above rated wind speed, bringing about more
cost-effective designs. The higher complexity of variable-speed variable-pitch turbines (7%
WA BE XL S HL) is largely offset by the benefits of control flexibility, namely higher
conversion efficiency, better power quality, longer useful life, etc®. Thus, control has
an immediate impact on the cost of wind energy. Moreover, high performance and reliable
controllers are essential to enhance the competitiveness of wind technology. The rapid
development of control technology has an impact on all areas of the control discipline. New
theory, new controllers, actuators, sensors, new industrial processes, computer
methods, new applications, new philosophies, new challenges, much of this
development work resides in industrial reports, feasibility study papers and the reports of

advanced collaborative projects.
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Preface

The use of wind energy to generate electricity is now well accepted with a large
industry manufacturing and installing thousands of MWs of new capacity each year.
Although there are exciting new developments, particularly in very large wind turbines,
and many challenges remain, there is a considerable body of established knowledge
concerning the science and technology of wind turbines.

This book is intended to record some of this knowledge and to present it in a form
suitable for use by students and by those involved in the design., manufacture or operation
of wind turbines. The overwhelming majority of wind turbines presently in use are
horizontal-axis, land-based turbines connected to a large electricity network. These

turbines are the subject of this book.
Vocabularies

petrochemical industry [, petrav'’kemikal | £7 M4k Tk
breeder reactor ¥ g NV HE

carbon dioxide A ALK

sul fur dioxide B AL

rated speed e W

aerod ynamic load [, esravdar'neemik | <, 2 ZR fif

blade pitch angle W 3 I ff

pitch control 3% il

variablespeed variable-pitch turbine 7% #7253 P X 17 HL

Notes

@ More recently, the increasing size of the turbines and the greater penetration of
wind energy into the utility networks of leading countries have encouraged the use of
electronic converters and mechanical actuators.
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@ These active devices have incorporated extra degrees of freedom to the design that
opened the door to active control of the captured power.
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® The higher complexity of variable-speed variable-pitch turbines is largely offset by
the benefits of control flexibility, namely higher conversion efficiency, better power
quality, longer useful life, etc. :
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1 Scope of Wind Power

1.1 Historical Development

Windmills have been used for at least 3000 years, mainly for grinding grain or
pumping water, while in sailing ships the wind has been an essential source of power for
even longer. From as early as the thirteenth century, horizontal-axis windmills (K% X
J1¥L) were an integral part of the rural economy and only fell into disuse with the advent
of cheap fossil-fuelled engines and then the spread of rural electrification (&K} H S 1k).

The use of windmills (or wind turbines) to generate electricity can be traced back to
the late nineteenth century with the 12 kW DC windmill generator constructed by Brush in
the USA and the research undertaken by LaCour in Denmark. However, for much of the
twentieth century there was little interest in using wind energy other than for battery
charging for remote dwellings and these low-power systems were quickly replaced once
access to the electricity grid (Hi ) became available® . One notable exception was the
1250 kW Smith-Putnam wind turbine constructed in the USA in 1941. This remarkable
machine had a steel rotor 53 m in diameter, full-span pitch control (3% ¥ ) and
flapping blades to reduce loads. Although a blade spar failed catastrophically (K XE4: 1)
in 1945, it remained the largest wind turbine constructed for some 40 years. Golding
(1955) and Shepherd and Divone in Spera (1994) provide a fascinating history of early
wind turbine development. They record the 100 kW 30 m diameter Balaclava wind turbine
in the then USSR in 1931 and the Andrea Enfield 100 kW 24 m diameter pneumatic (‘5,3
[#)) design constructed in the UK in the early 1950s. In Denmark the 200 kW 24 m
diameter Gedser machine was built in 1956 while Electricite’ de France tested a 1. 1 MW 35
m diameter turbine in 1963. In Germany, Professor Hutter constructed a number of
innovative, lightweight turbines in the 1950s and 1960s. In spite of these technical
advances and the enthusiasm, among others, of Golding at the Electrical Research
Association in the UK there was little sustained interest in wind generation until the price
of oil rose dramatically in 1973.

The sudden increase in the price of oil stimulated a number of substantial Government-
funded programs of research, development and demonstration. In the USA this led to the
construction of a series of prototype turbines (Jii%I X 45#1) starting with the 38 m diameter
100 kW Mod-0 in 1975 and culminating in the 97. 5 m diameter 2. 5 MW Mod-5B in 1987.

Similar programs were pursued in the UK, Germany and Sweden. There was considerable
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1 Scope of Wind Power

uncertainty as to which architecture might prove most cost-effective and several innovative
concepts were investigated at full scale. In Canada, a 4 MW vertical-axis Darrieus wind
turbine (7335 HJE K HL) was constructed and this concept was also investigated in the 34
m diameter Sandia Vertical Axis Test Facility in the USA (3 [# L W 3 & %h i i 1452 £5).
In the UK, an alternative vertical-axis design using straight blades to give an ‘H’ type
rotor was proposed by Dr Peter Musgrove and a 500 kW prototype constructed. In 1981 an
innovative horizontal-axis 3 MW wind turbine was built and tested in the USA. This used
hydraulic transmission (J{JE{%3)) and, as an alternative to a yawdrive (fifii%%sh), the
entire structure was orientated into the wind. The best choice for the number of blades
remained unclear for some while and large turbines were constructed with one, two or
three blades.

Much important scientific and engineering information was gained from these
Government-funded research programs and the prototypes generally worked as designed.
However, it has to be recognized that the problems of operating very large wind turbines,
unmanned and in difficult wind climates were often under estimated and the reliability of
the prototypes was not good®. At the same time as the multi-megawatt prototypes were
being constructed private companies, often with considerable state support, were
constructing much smaller, often simpler, turbines for commercial sale. In particular the
financial support mechanisms in California in the mid-1980s resulted in the installation of a
very large number of quite small (<C 100 kW) wind
turbines. A number of these designs also suffered from
various problems but, being smaller, they were in
general easier to repair and modify. The so-called
‘Danish’ wind turbine concept emerged of a three-
bladed, stall-regulated (% i 5 i) rotor and a fixed-
speed, induction machine (JE&) B3 L) drive train. This
deceptively simple architecture has proved to be
remarkably successful and has now been implemented on
turbines as large as 60 m in diameter and at ratings of 1. 5
MW. The machine of Fig.1.1 is an example of this

design. However, as the sizes of commercially available

turbines now approach that of the large prototypes of the

1980s it 1s interesting to see that the concepts Fig. 1.1

1.5 MW, 64 m Diameter
investigated then of variable-speed operation, full-span Wind ‘Turbine

control of the blades. and advanced materials are being
used increasingly by designers®. In this design. the synchronous generator ([i]: % Wil

is coupled directly to the aerodynamic rotor (‘X &)%) so eliminating the requirement for

a gearbox.
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The stimulus for the development of wind energy in 1973 was the price of oil and
concern over limited fossil-fuel resources. Now, of course, the main driver for use of wind
turbines to generate electrical power is the very low CO, emissions (over the entire life
cycle of manufacture, installation, operation and de-commissioning) and the potential of
wind energy to help limit climate change. In 1997 the Commission of the European Union
published its White Paper ([} 45) (CEU, 1997) calling for 12 percent of the gross
energy demand of the European Union to be contributed from renewable by 2010. Wind
energy was identified as having a key role to play in the supply of renewable energy (i
HEJH) with an increase in installed wind turbine capacity from 2.5 GW in 1995 to 40 GW
by 2010®. This target is likely to be achievable since at the time of writing, January 2001,
there was some 12 GW of installed wind-turbine capacity in Europe, 2.5 GW of which was
constructed in 2000 compared with only 300 MW in 1993. The average annual growth rate
of the installation of wind turbines in Europe from September 1993 was approximately 40
percent. The distribution of wind-turbine capacity is interesting with, in 2000, Germany
accounting for some 45 percent of the European total, and Denmark and Spain each having
approximately 18 percent. There is some 2. 5 GW of capacity installed in the USA of which
65 percent is in California although with increasing interest in Texas and some states of the
mid-west. Many of the California wind farms were originally constructed in the 1980s and
are now being re-equipped with larger modern wind turbines.

Tab. 1. 1 shows the installed wind-power capacity worldwide in January 2001 although
it is obvious that with such a rapid growth in some countries data of this kind become out

of date very quickly.

Tab. 1. 1 Installed Wind Turbine Capacity Throughout the World, 2001
Location Installed capacity (MW) Location Installed capacity (MW)
Germany 5432 Total Europe 11831
Denmark 2281 California 1622
Spain 2099 Total USA 2568
Netherlands 444 Total World 16461
UK 391

The reasons development of wind energy in some countries is flourishing while in
others it is not fulfilling the potential that might be anticipated from a simple consideration
of the wind resource, are complex. Important factors include the financial-support
mechanisms for wind-generated electricity, the process by which the local planning
authorities give permission for the construction of wind farms, and the perception of the
general population particularly with respect to visual impact. In order to overcome the
concerns of the rural population over the environmental impact of wind farms there is now

increasing interest in the development of sites offshore.
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1 Scope of Wind Power

1.2 Modern Wind Turbines

A wind turbine is a machine which converts the power in the wind into electricity.
This is in contrast to a ‘windmill”, which is a machine which converts the wind’s power
into mechanical power. As electricity generators, wind turbines are connected to some
electrical network. These networks include battery charging circuits, residential scale
power systems, isolated or island networks, and large utility grids. In terms of total
numbers, the most frequently found wind turbines are actually quite small— on the order
of 10 kW or less. In terms of total generating capacity, the turbines that make up the
in the range of 500 kW to 2 MW.

These larger turbines are used primarily in large utility grids, mostly in Europe and the

majority of the capacity are in general rather large

United States.

To understand how wind turbines are used. it is useful to briefly consider some of the
fundamental facts underlying their operation. In modern wind turbines, the actual
conversion process uses the basic aerodynamic force of lift to produce a net positive torque
on a rotating shaft, resulting first in the production of mechanical power and then in its
transformation to electricity in a generator. Wind turbines, unlike almost every other
generator, can produce energy only in response to the wind that is immediately available.
It is not possible to store the wind and use it a later time. The output of a wind turbine is
thus inherently fluctuating and non-dispatchable. (The most one can do is to limit
production below what the wind could produce. ) Any system to which a wind turbine is
connected must in some way take this variability into account. In larger networks, the
wind turbine serves to reduce the total electrical load and thus results in a decrease in either
the number of conventional generators being used or in the fuel use of those that are
running. In smaller networks, there may be energy storage, backup generators, and
some specialized control systems. A further fact is that the wind is not transportable: it
can only be converted where it is blowing. Historically, a product such as ground wheat
was made at the windmill and then transported to its point of use. Today, the possibility
of conveying electrical energy via power lines compensates to some extent for wind's
inability to be transported. In the future, hydrogen-based energy systems may add to this
possibility.

1.2.1 Modern Wind Turbine Design

Today, the most common design of wind turbine, and the only kind discussed in any
detail in this book, is the horizontal axis wind turbine (HAWT). That is, the axis of
rotation is parallel to the ground. HAWT rotors are usually classified according to the
rotor orientation (upwind or downwind of the tower). hub design (rigid or teetering),

rotor control (pitch vs. stall) . number of blades (usually two or three blades), and how
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