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Abstract

This thesis describes the modelling, simulation and performance assessment of a novel multi-
pole, permanent magnet, synchronous generator that goes some way to reducing both the
cost and the noise of wind turbine generation. The small pole pitch of the permanent
magnet generator allows 50 Hz a.c. voltages to be generated at low rotational speeds. This

low speed operation enables the generator to be connected directly to the wind turbine

thereby eliminating the need for the usual gearbox.

Two modes of operation typically exist for the operation of grid connected wind turbines:
fixed speed and variable speed operation. Both modes are discussed and detailed simulation
models developed in the thesis. The associated design interactions and constraints are

analysed for each mode to produce an effective method for designing such direct drive
generating systems.

Once the optimum design criteria have been established, a range of generators with ratings
from 200 kW to 1.5 MW for fixed and variable speed operation are designed. Cost compar-
isons are carried out to establish which mode of operation is best suited to the direct drive,
permanent magnet, synchronous generator. The thesis concludes that the fixed speed op-
eration of the multi-pole, permanent magnet, synchronous generator leads to designs with
considerable cost reductions and performance improvements over the conventional induction
generator and gearbox arrangement but does not lead to weight reductions. Furthermore
the variable speed operation of such a generator would also lead to cost, weight and per-
formance improvements over the variable speed operated induction generator and gearbox
arrangement. The question as to whether variable speed operation of the permanent mag-
net generator is better than the fixed speed case is partially answered in terms of the weight
and performance advantages of the variable speed design. However the cost advantage is
difficult to quantify due to the uncertainties over the price of the IGBT technology chosen

for the switching devices of the inverter.
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Notation

Throughout the text the following conventions are used,
e All values are in per units except those whose units are specified individually.

¢ Lower case symbols denote instantaneous values and upper case values indicate r.m.s

values for all electrical parameters, i.e. voltages and currents.

WIND TURBINE NOTATION.

A The swept area of the turbine blades, m?
Ai, Blade imbalance magnitude, Nm

As, Deterministic torque magnitude, Nm

a Spatial filter coefficient

a Break point of the Von Karman spectrum
a3, Stochastic torque frequency spread, rads/s
b Gain of the Von Karman spectrum

ba, Stochastic torque component, Nm

Cs The power coefficient

Conom The power coefficient at nominal wind speed
Comaz The maximum value of power coefficient at zero blade pitch
D The diameter of the turbine blades, m

H Wind turbine hub height above the ground, m
h Height above the ground, m

t Turbulence intensity

J Inertia, kg m?

Jgen Generator Inertia, kg m?

Jhub Hub Inertia, kg m?

Jin Inner Inertia, kg m?

Jout Outer Inertia, kg m?

Jy Rotor Inertia, kg m?

J, Stator Inertia, kg m?2

K, Factor determining the value of S, (w)
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Su(w) Power spectrum describing the free wind stream
T, Factor determining the value of S, (w)

U The mean free stream velocity of the wind, m s™!
Uy The wind speed at the hub height, m s—!

Un, Annual average wind speed, m s™1

Unom Nominal design wind speed, m s™1

U, The rated wind speed of the turbine, m s~1
Wav Transfer function of spatial filter

Wrs First order approximation to Von Karman spectrum
Qa Factor determining shape of S,(w)
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MAGNET SYSTEMS NOTATION.
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The d-axis damper winding inductance, per unit
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P, de
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B
Firon
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P, out
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Inverter voltage control ratio
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Chapter 1

Introduction

T he generation of electricity from renewable energy sources, such as the wind, incurs
no input fuel costs. Therefore, the initial capital and subsequent operational and
maintenance costs dominate the lifetime cost of the electricity generated. Conventional
power stations, on the other hand, have fuel costs which can form a significant proportion
of the total cost of the electricity produced. Hence the optimisation of designs to reduce
capital cost and the development of control strategies to improve operating performance are

most likely to lead to better economic attractiveness of renewable energy power stations.

This thesis is concerned with the modelling, dynamics and control of a new design of
multi-pole, permanent magnet, synchronous generator for use with wind turbines. Such
a multi-pole generator allows 50 Hz to be generated from the low rotational speed of the
wind turbine blades and results in the elimination of the usual step-up gearbox, leading to
cost and noise reductions. Wind turbines are typically operated at fixed or variable speed
and both methods of connecting the generator to the grid for such operation are considered.
Control strategies for achieving efficient operation and to satisfy the grid connection criteria
of the wind turbines are devised and their performance simulated to determine which mode

of operation is the most effective and economical.

Horizontal axis wind turbines are examined and, in particular, stand alone, three blade,
partial span pitch controlled turbines connected directly to the distribution network. This

type of configuration is becoming fairly industry standard [1]. Several sizes of turbine, from

200 kW to 1.5 MW, are analysed and a picture of a typical wind farm comprising several
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Figure 1.1: Typical 300 kW turbines (Source: Private Photograph of Ovenden Moor Wind
Farm, Uk)

300 kW turbines is shown in Figure 1.1.

The beginning of this first chapter offers a comparison between wind power and the other
leading contenders for the renewable energy crown, such as biomass, wave power and hydro-
electric power, to justify the research into reducing the cost of wind turbine technology
further and bring it into the realm of economic reality. The historic development of modern
wind turbines is presented and their likely contribution to the energy mix is discussed.
The reasons for using the type of wind turbine, described in the previous paragraph, as
a benchmark to test the performance of the multi-pole, permanent magnet, synchronous
generator are then presented. The main goals of the thesis are stated and the ways in which
such a generator can be designed to fulfill these goals are briefly introduced. Finally an

outline of the whole thesis is given to show the overall methods of attack used to successfully

complete these goals.

1.1 The emergence of wind power as an economic renewable

Many articles have been written about the emergence of wind power as one of the foremost

renewables but the book by Golding [2] and an article by Musgrove [3] perhaps best outline
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this rise. Wind turbines have been in operation for over a thousand years with the earliest
evidence of their use being found in the Middle East and Afghanistan. In the 18** century
wind power was the main prime mover but with the advent of the steam revolution, the

internal combustion engine, and the increasing reliance on electric power systems, wind

power was quickly displaced.

These new technologies relied on fossil fuels, such as coal and gas, and as demand for
them grew they became progressively more available and cheap. However since 1973 this
trend of declining fuel prices has been sharply reversed and an awareness of the detrimental
environmental effect of burning fossil fuels has grown increasingly strong. This led to major
research and development programs in America and Europe into alternative fuel sources
and the coining of the term ‘renewable energy’ which is now used to describe benign energy
sources whose primary energy inputs are renewable in the lifetime of mankind. Initially

renewable energy researchers considered wave energy, direct solar radiation, hydro and tidal

energy the most feasible, However, after further research [4], wind power was seen to be

one of the most promising renewables and prototype windmills to generate electricity were
developed. These early prototypes paved the way for the modern wind turbine. Today other

renewable technologies, such as biogas and waste-to-fuel plants, are creating considerable

interest and compete with wind power for development.

The key advantages and drawbacks of renewables, and in particular wind power, over con-
ventional plant in terms of reducing environmental impact and cost will now be discussed.
Once the need for renewables in the energy mix has been identified, a cost comparison of
the leading renewables will be presented to justify wind as one of the most promising for
further investigation. Finally the current worldwide status will be outlined and future price
predictions included to indicate how well this new design must perform in order to push

forward the current era of wind turbine technology.

1.1.1 Why invest in renewables over conventional power plant?

The industrialised nations of the world are energy intensive and any increase in electricity

generation must be carefully planned to ensure good reliability of supply. Unfortunately
the reliance on fossil fuels in the past has had a detrimental environmental impact and,

urged on by popular support, the UK government signed the Rio Accord and introduced
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the Non-Fossil Fuel Obligation Act (NFFO). This act offered subsidies to renewable en-
ergy developments, thus encouraging new technologies and their inclusion in the utilities
generation mix. However legislation alone should not guide investment in renewables and
both sound economics and ease of implementation must be considered. The result of the
subsidies has been a gradual driving down of the cost of generated electricity from renew-

able sources of energy and, in particular, the development of wind power plant has been a

notable success [5] [6].

WIND POWER: THE UTILITIES DREAM TICKET? Most of the traditional
power industries have learnt that big is not always beautiful and that large centralised
power stations are not always the most cost effective way of delivering electricity to the
customer. There is widespread recognition that utilities must diversify their resource base,

distribute generating units over wide geographical areas and build smaller power plants

closer to population centers and thus reduce transmission costs. In this scenario new energy

technologies, such as wind power, are coming into their own.

Many utilities are also turning to natural gas as a means of minimising environmental im-
pact. A combination of wind power and natural gas can help utilities address environmental
concerns and minimise the risks associated with changing fuel prices and supply {7]. The
slightly higher capital cost but low operating costs of wind power plant fit well into a plant
investmeniz plan that includes natural gas power stations which have a low capital cost and
higher operating cost. Utilities can use wind to hedge against future price and deliverabil-
ity uncertainties associated with gas. Furthermore natural gas turbines can come on line

quickly and compensate for the intermittent nature of wind power. Other schemes matching

diesel with wind have similar benefits but a slightly worse environmental cost.

ENVIRONMENTAL COMPARISON BETWEEN CONVENTIONAL AND RE-
NEWABLE TECHNOLOGIES. Even though electrical energy is the most benign form

of energy, its production relies heavily on the use of thermal resource. This leads to envi-
ronmental problems of a varied nature: the key ones being CO,, NO, and 50, emissions,
depletion of natural resources and visual impact. Wind power is renewable and the envi-
ronmental impact, at present, is mainly limited to noise and visual intrusion with a slight
disturbance of the natural habitat and minimal CO, emissions during manufacture. A

comparison of the CO; emissions for the main fuel cycles can be found in [8]. Noise and

visual intrusion can be very contentious issues as summary articles of reports from the me-
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dia suggest [9] [10]. These two problems cannot be ignored and special consideration must

be shown in siting and sizing wind farms [11].

There are two main sources of noise in the wind turbine: mechanical noise from the drive
train and generator and aerodynamic noise from the rotating blades [12]. Mechanical noise
could be reduced by eliminating the gearbox but the aerodynamic noise from the blade
moving through the air is more difficult to eliminate. Work is being carried out to develop

quieter blades. Alternatively aerodynamic noise can be reduced by allowing the turbine

rotor to rotate at a speed appropriate to the windspeed by connecting the generator to the
grid via a frequency converter, i.e. operate the generator at lower rotational speeds in low
wind speeds to maintain the optimum tip speed ratio. Improvements as much as 5-7 dB(A)
can be achieved by ensuring tip speeds of less than 60 m/s [13]. These two aspects are dealt
with later in the thesis. The size of a turbine and its siting also contribute to the perceived

noise emitted by the turbine and this can be optimised through careful and sympathetic

developments.

Complaints about visual intrusion mainly arise because developers of wind farms want to
place them in the windiest sites, which are often the most beautiful areas of the countryside.
Guidelines have been issued and visits organised for county planning offices [14] [15] to ensure
the right balance between the environment and profit. However the risk wind technologists
face, if unsympathetic development is carried out, is the same as that experienced by the
nuclear industry when bad press led to public uncertainty and scepticism about the benefits
of the technology. This must be avoided if this infant industry is to survive as the incumbent
giants like coal, oil, gas and nuclear will exploit bad publicity at every opportunity to
maintain their market share. One solution is to ensure wind farms are placed in areas
already used by man. This has two major benefits: firstly there would be little visual
intrusion over and above what is already there and secondly these sites would be close to
load centres and have lower transmission losses. Recent studies also show that uniformity
within a wind farm is an important factor in improving visual intrusion [11], i.e. ensuring
that the same type, colour, direction of rotation and height of the turbines is maintained
within the wind farm. Furthermore it seems that the public is more willing to accept

three blade turbines than two blade turbines because they always portray the same visual

impression as the blades rotate.

COST COMPARISON. Renewables have a more valuable contribution to make in less-

3
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ening the environmental impact of electricity generation when compared with fossil fuel
technologies. However the question must be asked: are they cost effective? The answer is a
complicated one depending on the level at which fossil fuel plant is levied for their associated
environmental impact and the way in which the value of an intermittent renewable, such as
wind power, can be credited. Furthermore there are two forms of wind power development
predominant today: commercially, in a utility context, and privately, for the alleviation of
fuel costs and surplus export to the local grid. Therefore the economic argument must focus
on both forms of development. However periphery issues, such as the benefit to the local

community, must also be included when considering the advantage of a wind development

over conventional power plant.

An economic evaluation of wind in a utility context, involves a comparison between the
total cost of wind turbines and the value of the wind power generated. This concept of
‘value’ is determined by the savings from decreased fuel consumption and the changes in
the purchase of conventional equipment. Chowdhrury [16] studied a system with about
6 % wind penetration, the ratio of variable wind power to firm conventional power, and
concluded that savings over a ten year period amounted to $55m for operating costs and
$105m in construction costs (1990 dollars). The operating costs of the wind turbines were
neglected for this study because, as wind is a relatively new technology, the operating data

and experience is limited. For a dispersed wind farm situation, where the dispersal acts to

smooth some of the variability of the wind power, the figures are even more impressive.

Taking into account the factors mentioned above, the cost of the electricity generation over
the lifetime of current wind and fossil fuel plant can be estimated. These are shown in
Table 1.1. Clearly combined cycle gas turbine plant is very cost effective and this explains
their popularity at the present time. However if the environmental costs were to be factored
into the cost of building a new coal fired or nuclear powered plant, wind power would appear
much more economical. However the pool price at the moment is dominated by coal plant,
whose capital costs have already been accounted for. It is currently running at about 2
p/kWh, against which wind power cannot compete when selling electricity directly to the

pool without the NFFO subsidies. Therefore more research is needed to reduce the costs

further.

In terms of development for smaller scale implementation, the economics of wind power

become even more attractive as turbines can not only be used exclusively to generate elec-
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[ Combined Cycle Gas Turbine | 2 t 3.0 p/KWE [17]|
[Col [35to45p/kWh(i]]
[Nudear | 51080 p/kWh (17 |
[Wind |35t 7.0 p/kWA 7|

Table 1.1: Summary of electricity production costs (1992 Estimates)

tricity for the grid but also to displace bought electricity. The economics of this form of
wind energy development are the most attractive as utilities sell electricity at commercial
rates 3-4 times higher than they buy from independent power producers. Furthermore the

owners of land, where wind turbines are to be situated, can increase their return per acre

of agricultural land with the additional revenue stream from wind generated electricity.

COMPARISON OF AVAILABILITY. Wind energy is an indirect form of solar energy
resulting from an imbalance in the solar radiation incident on the north and south poles
which leads to large scale convection currents. An introduction to the complex processes
involved can be found in [18]. The total energy received by the sun is huge, with about
one percent being converted into the wind. If only one percent of this wind energy could
be harnessed economically it would alleviate the need for any fossil fuels to be burnt for
energy in the world. The practical problems associated with harnessing all this energy are
enormous but allowing for restrictions placed by economics, land use, accessibility and the
allowed penetration into the network, 10 % of all of Europe’s electricity needs could be
provided by wind power by the year 2050 and 50,000 jobs created [19].

Although the wind is not a reliable source of energy from hour to hour, it is statistically
much more reliable from year to year. The free stream wind is a wind turbine’s raw energy
input and therefore understanding its dynamics up to a height of about 100 metres is
very important. The free stream wind is stochastic and has several key contributions to its
variance at different time scales: the passing of identifiable weather systems (time period (T)
of about 4 days), diurnal variations (T = 12 hours), and atmospheric turbulence (T between
approximately 5 minutes and 5 seconds). The energy spectrum of wind speed fluctuations
about a mean steady wind in the atmosphere, as developed by Van Der Hoven, can be seen in
Figure 1.2 {20]. This diagram shows the energy contained in the wind fluctuations across the
full range of typical cyclic periods. For example, take the 4-day peak which has a period

of about 100 hours and corresponds to large weather fronts moving across an individual

site. Large fluctuations in wind speed occur during this period and there is, therefore, a
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Figure 1.2: The energy spectrum of wind speed fluctuations in the atmosphere

large amount of energy attributable to these fluctuations. At the other extreme, on the
micro-meteorological timescale, the bulk of the energy of the fluctuating wind is contained
in fluctuations with durations of about one minute in length. This spectrum shows that
there is a gap between 0.1 and 5 hours where the wind is virtually steady. Therefore
availability estimates can be based on studies with sampling times in this region, typically
a five minute reading once an hour. The longer time scale fluctuations are important in
determining resource assessments and wind turbine siting, whereas the shorter time scales

are important in determining the individual wind turbines performance and this is discussed

in greater detail in Chapter 2.

In the UK there is also a pronounced seasonal variation, with higher wind speeds occurring
during winter months. This correlates well with electricity demand which also tends to be
greater in the winter. This significantly enhances the value of wind energy systems. Yet
wind power will never be a ‘power on demand’ technology and, although wind farm dispersal

does add some firm capacity credit, conventional power still has the big advantage of being

available whatever the weather. However, research has shown that wind power with storage

or diesel backup can provide firm power, typically in isolated regions where grid supplied

electricity is expensive, and can prove an economic solution [21] [22].
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1.1.2 Comparison of the renewable technologies for electricity generation

Several renewable energy technologies exist that produce electricity and these will be dis-

cussed firstly in terms of their prospects and constraints [23] on widespread deployment in

the UK and secondly in terms of cost.

HYDRO-ELECTRIC POWER. Large scale hydro-electric power plant, with power
ratings greater than 5 MW, are already deployed by the generating boards and the available
sites are almost fully exploited with a capacity of about 4.3 TWh per year. Small scale

hydro-electric power plant, with power ratings upto 5 MW, needs to be researched further

to ensure that the currently predicted costs can be achieved. The constraints on siting are

considerably eased when compared with large scale hydro, with the only constraints being

extraction rates and charges and environmental impact. These obviously vary according to

location and thus certain sites may be more favourably developed.

TIDAL POWER. Tidal power is a ‘promising but uncertain’ technology with further
work required to firmly place it as an economically attractive renewable energy supply.
This work must focus on the cost effectiveness of the technology. However, if a rise in
fuel prices occurred the technology would quickly leap into the ‘economically attractive’
category. The prospects in the UK are estimated at about 23 TWh/ year from estuaries
with costs of less then 5 p/kWh. The constraints for widespread deployment are the high
capital costs of projects, such as the Severn Barrage, and the typically long lead times.
Public acceptability also has to be courted as projects impose quite large environmental
impacts on the estuaries where the barrages are to be sited. Favourable features do exist

for barrage projects which can alleviate the adverse impacts and cost such as watersports,

fishing facilities and the usual revitalisation of disused waterfronts.

However tidal power is not limited to conventional barrages. A tidal turbine is being
developed which is very similar to a wind turbine underwater and the direct drive generator
of this thesis could be used for this application [24]. Unfortunately, even though there
is a predicted resource of 58 TWh per year the cost at present is 2 to 3 times that of

conventionally generated electricity and research needs to be done to make it economic.

WAVE POWER. This technology falls into two categories: large open sea installations
(up to 2GW ) and small shore mounted installations (below 5SMW). The former falls into

the ‘long shot’ category where only an unlikely reduction in costs or a dramatic increase in
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fuel costs will render it cost effective. The main constraint to development is the unproven
nature and expense of the technology. The latter, on the other hand, is more promising and
could already be exploited in certain locations. The constraint in this case is the limitation
in available sites and again the lack of proven technology. However a 2 MW inshore wave
machine, "OSPREY”, was recently launched which had a predicted cost of only 4 p/kWh
[25]. Unfortunately it sank at its operation mooring point only three weeks after launch due
to damage when it was launched. The insurance company will hopefully pay for a another
device. This highlights the difficulty of taming the sea to generate electricity economically
[26], but, with further development and the placing of a wind turbine on the platform to

harness the increased offshore wind speed, this looks to be a promising development.

PHOTOVOLTAICS. Although readily available, photovoltaics fall into the ‘long shot’
category as far as large scale implementation in the UK is concerned. The cost varies
considerably with the key limit on full scale implementation arising from the mismatch
between supply in the summer months and demand in the winter months. However a

breakthrough seems to have taken place at the Center for Photovoltaic devices and systems
at the University of New South Wales where they are predicting costs of 2-3 p/kWh by the

end of the decade and the prospects appear more promising [27].

LANDFILL AND SEWAGE GAS. Landfill and sewage gas fuel plants tend to have high
efficiencies, recycle methane, one of the most powerful greenhouse gases, and can supply
power on demand. Many of these plants have been included in all rounds of the NFFO
contracts [5] {6] and this technology will make a useful contribution in the future.

WASTE-TO-FUEL. Waste-to-fuel plants, like the one in South East London [28], tend to
face quite hostile opposition to planning applications on the grounds of smell and emission
contents and therefore expensive flue gas cleaning is often required. This means that support
in the form of NFFO subsidy is required to make the technology economically attractive
and only when the capacity of current landfill sites has been used will the technology be

able stand on its own. Yet it still provides a very ‘green’ way of getting rid of waste and

producing a large amount of firm generating capacity.

Clearly, of the above technologies, only landfill and sewage gas, waste-to-fuel and small scale
hydro-electric power plant are the most likely to be developed into economically viable and

useful electricity supplies. Wave power has recently had a setback in that Osprey II sank

10
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[26] but could contribute a small amount soon if launching difficulties can be overcome.
Geothermal energy also has promise in reducing the overall need for electricity for heating
but the efficiency and availability of geothermal power is poor. A summary of the estimated

costs to generate electricity by the above renewable plant can be seen in Table 1.2. The dif-
ferent technologies can most effectively be compared by using the concept of the discounted

cost per unit of electricity (p/kWh) over the lifetime of the plant.

3.5 to 7.0 p/kWh [17

| | |
| Wave | 4[25] to 16 p/kWh [29] |
[Solar | 25+t030 p/kWh [30] |
[Tidal | 65p/kWh[31] |
| Offshore Wind | 5.6 to 11.2 [32] p/kWh |
[Hydo | 5p/kWh[3] |

Table 1.2: Summary of electricity production costs (1992 Estimates)

Clearly wind power is one of the more favourable options in terms of predicted cost and,

providing the problems of visual intrusion, noise impact and the intermittent nature of the

operation of wind turbines can be overcome, wind turbines look to be a major source of

electricity in the future.

1.1.3 Current Status and future trends in wind power

Wind power currently makes a valuable contribution to the world energy market. A recently
published article [34] quotes worldwide wind generation as surpassing 6 TWh in 1994 with
sales of turbines and generated electricity surpassing $1750 million dollars for the first time.
In fact there is such a boom in wind power that Europe will surpass the US in 1995 and the
worldwide market could exceed 8,100 MW, Most of this market is concentrated in the first
world but small scale projects in Africa and the Americas are becoming increasingly the most
economic method for rural electrification as grid extension is too expensive. Furthermore
the cost of wind generated electricity is predicted to fall to about 4 p/kWh by the year
2000 in 8 m/s winds due in part to advances in wind turbine design and economies of scale
[35]. Also the specific energy yields of wind turbines are improving rapidly due to increases

In reliability, better airfoil design, and greater tower height and could pass 1250 kWh per
unit swept area per year. Clearly wind power has a very promising future as one of the
foremost economical renewable technologies. However these costs and improvements must

be put into the context of the historical development of wind turbines so that the reasons

11
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why the design advances proposed in this thesis should bring down the current capital costs

can be best understood.

1.2 The history of wind turbine development

The two main types of wind turbine are horizontal and vertical axis. Fach has its advantages
and drawbacks. This thesis concentrates on the horizontal axis turbine. The following

history mainly focuses on its development and includes a brief comparison between the two

types for completeness.

The initial research into the modern horizontal axis turbine was carried out in America but
since then Europe has led the way. The American program started in 1973 and by 1975 the
first test bed of the Mod 0 was completed [3]. This 100 kW horizontal axis turbine had twin

38m diameter blades mounted downwind of the tower and was connected to the grid via a

synchronous generator. The 4 pole synchronous generator operated at a constant speed for
60Hz generation whilst the rotor operated at 40 rpm so that a 45:1 ratio speed increasing
gearbox was needed. Power control in high winds was effected through altering the pitch of
the blades. These turbines accumulated thousands of hours of operating data and proved

that a turbine equipped with a microprocessor based control system could operate in a stand

alone manner, Since then several multi-megawatt turbines and different configurations have
been tried and tested, leading to several standard design guidelines. A schematic diagram

of a typical medium sized wind turbine can be seen in Figure 1.3. The following sections

will talk about the design options presently available.

1.2.1 Horizontal (HAWT) versus vertical axis wind Turbines (VAWT)

The argument over whether the turbine should be vertical or horizontal has remained con-

troversial since the early seventies, but the predominant form of turbine today is horizontal.

The vertical option, typically the modern Darrieus turbine, has a low rotational speed.
The main advantage over the horizontal option is the placing of the generator at ground
level. This reduces the constraints on weight or size and allows a large, directly connected,

synchronous generator to be used [3]. Thus VAWT’s do not need a speed increasing gearbox

which considerably reduces operation and maintenance costs. Furthermore, because they

12
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Nacelle Containing

Generator and
Gearbox

Figure 1.3: Typical medium sized horizontal axis wind turbine

are at ground level, noise emissions can be reduced by shielding the equipment properly.

This may allow small scale VAWT’s to be situated within the urban environment. The
cyclic forces due to blades passing through the wind shear, common to HAWT’s, is not
a problem in VAWT’s because each blade element experiences the same windspeed as it
stays at the same height. VAWT’s also offer a simpler architecture which may lead to more
optimal design and hence lower cost. These claims have yet to be developed into a reliable

industry standard turbine and, as there is a vast experience in HAWT design, a VAWT

would have to demonstrate very good cost effectiveness to overcome the entry barriers to

the worldwide wind market.

A serious drawback associated with VAWT s is that their power cannot be regulated easily
as pitching the blades would have to be done cyclically which would involve considerable
mechanical complexity [3]. Furthermore they are also less effective at capturing energy

from the wind. The permanent magnet synchronous generator would be a viable form of

generator for a VAWT but cost comparisons would be needed against a large multi-pole

conventional synchronous or induction generator in order to verify this.

13
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1.2.2 Blade design: material, number, diameter, pitchable, orientation

A designer of wind turbines must decide on the blade material; whether to mount the blades
up or downwind of the tower; how to regulate the power from the blades in high windspeed;
and finally the number of blades to be used. There still seems to be no real consensus of

opinion on what is the best design but a brief history will now be outlined.

BLADE MATERIAL. The common blade materials are carbon epoxy, glass fibre rein-
forced epoxy (GRE), glass fibre reinforced polyester (GRP), steel, and wood epoxy with
GRP. The cost effectiveness of a material can be calculated by dividing its specific man-

ufacturing cost by its specific strength [36]. A trade off must be maintained between this

effectiveness, the blade weight and its fatigue properties.

BLADE NUMBER. The number of blades is an important area for discussion. Three
main reasons exist for the choice of blade number and these are cost, aesthetic appearance
and dynamic performance. A comprehensive cost comparison of the various design options
is given in {36]. The partial span pitch controlled, three blade, wind turbine costs 35 % more
than the equivalent partial span pitch controlled, two blade version. The main cost savings,
when moving from three to two blade turbines, are due to the reduced overall blade weight
leading to lighter tower head weight. Furthermore the two blade wind turbines have a higher
optimum tip speed ratio leading to higher frequency of rotation and, together with the low
tower head weight, allows a ‘softer’ and hence lighter tower structure design. However the
cyclic load variation is more pronounced with lower blade number and concepts such as
the teetered hub, to reduce the impact of this variation, have been used but these tend to
increase the complexity of the drive train. From a visual view point three blades appear

more aesthetic than one or two because the overall shape does not vary [11] as the blades

rotate.

BLADE ORIENTATION. There are two orientations for the blades of a wind turbine:
either upwind or downwind of the tower. If the blades are mounted upwind the yaw control
system must move the blades into the wind and there is less room for movement of the
blades before they impact with the tower. Downwind mounted blades do not have this
restriction and can therefore be less stiff t;rhich can lead to the alleviation of some of the
cyclic loading. The blades will also naturally swing to face downwind thus reducing the yaw

system rating. However there is a much more pronounced tower shadow effect in downwind

14
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turbines and therefore upwind turbines are favoured.

BLADE DIAMETER. The diameter of the blades determines the power produced by
the turbine. A larger diameter blade allows more energy capture as the diameter squared
but will lead to heavier spars and hub. The generator and drive train will also have to be

uprated to cope with the higher power developed. The rotor thrust will also increase and

thus affect the nacelle bedplate, yaw system, tower and foundation design.

In light of the arguments presented, an upwind wind turbine design with three GRP blades
is adopted for this thesis. However only simple modifications are required to convert the

simulation models developed in Chapter 2 for any type of wind turbine blade design.

1.2.3 Synchronous or Induction Generator

The electrical generator converts the mechanical power transmitted along the rotor shaft

into electrical energy. For constant speed operation, the generator must rotate at a speed

which can produce ac power at the same frequency as the grid i.e. 50 Hz in Europe and 60
Hz in the USA. For variable speed operation, there is more scope for design optimisation
and this is discussed in section 1.2.5. Designers usually choose generators which run at 1500

rpm, 1000 rpm or 750 rpm and there is a simple trade off between gearbox and generator

costs. Two main types of generators are used in wind turbines: induction and synchronous

generators.

INDUCTION GENERATORS. Induction generators have stator windings energised
from the electricity at the grid frequency and power is generated when the wind turbine
is going slightly faster than synchronous speed i.e. a slip greater than one. Induction

generators are robust, relatively inexpensive and are used wherever grid synchronised power

is needed and when the grid is substantially larger in power terms than the individual wind
turbine or farm output. A major advantage of induction generators is that they enable

stall regulated turbines to operate at a constant speed, as a large grid provides a stable

frequency.

SYNCHRONOUS GENERATORS. Synchronous generators usually have a small per-

manent magnet exciter to provide the rotor field current. They require no external frequency

control from the grid but tend to be heavier and more expensive than an induction genera-
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tor running at the same speed. They must be run at a specific speed and careful control of
the wind turbine rotor speed is required. They are typically used when the grid is weak or
in stand-alone applications. Synchronous generators would be the most suitable for wind

turbines which are connected to the distribution network and sited far from load centres

and other forms of generation.

The generator used in this thesis is a multi-pole, permanent magnet, synchronous generator

and is introduced in section 1.4. The key cost comparison required is between its perfor-

mance and that of the relatively expensive gearbox and inexpensive induction generator

arrangement.

1.2.4 Sizing and siting

Average wind speeds can alter considerably even over a few kilometres, e.g. a hilltop ridge

will be windier than a sheltered valley, so the siting of a wind turbine is important. However
the prominent sites, although being more productive, can have detrimental effects both in
terms of visual impact and reliability. If the windspeed is too great the turbine needs to
shed power or even shut down. At a recent incident in Cemmaes several two blade wind
turbines suffered catastrophic failures due to winds in excess of 120 mi/hr, the supposed 50
year maximum. The design should have withstood such a windspeed and the exact mode
of failure is not known. Perhaps if a less windy site was chosen, the failures would not have

occurred and £1.5M damages and £600k per winter month lost revenue would not have

been foregone [37].

1.2.5 Control Strategies

Several strategies can be used to control the performance of wind turbines depending on
the their design. There are two control aims that need to be addressed: speed control and
power limiting. In addressing these aims it is desirable that the controller alleviates stress
throughout the wind turbine, smoothes the generated power and maximises energy capture.

For a typical wind generator, with a drive train including a gearbox, the controller should

clearly avoid any resonant frequencies [38].

The aerodynamic performance of the blades is optimum at a single value of blade tipspeed
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1.2 The history of wind turbine development

and windspeed. The designer has two options: fixed speed operation where the blade
performs under non-optimal aerodynamic conditions and variable speed operation where
the controller must track the optimum point as the windspeed varies. The first results

in a simple electrical system whereas the second requires quite a complex and expensive

frequency converter to link the generator to the grid.

The wind available at any site is extremely variable, varying from zero to very high levels in
storm conditions. The power train of the turbine is designed for a cost effective intermediate
level and hence some form of power limiting is needed. There are two basic methods
currently used: stall control where the blade aerofoil falls progressively into stall at high
angles of attack when the wind speed is high and partial or full span pitch control where
the blade is feathered by a mechanical actuator. A detailed summary of the arguments for

and against the technologies is included in [36]. The key points are summarised below.

STALL CONTROL. Stall control results in relatively smooth control of powe; and a
simple hub structure but even with full stall across the blades there can be quite high loads
in high windspeeds and the rotor needs to be shut down. Stall controlled rotors must be

designed to withstand gust loads as they cannot be shed by changing the blade angle so the
hub, drive train and tower must all be designed for these high shock loads.

PITCH CONTROL. The original reasons for pitch control were to assist in the start up
and shut down of the turbine and to regulate the power in high speeds. This enabled the

rating of the generator and gearbox to be reduced.

Full span pitch control allows the matching of the pitch angle to the incoming speed to give
the optimum angle of attack which can lead to increased energy capture. Gust loads can
also be shed, if the controller can act fast enough, to alleviate loads on the drive train. A
further feature is the ability to park the blades in the feathered position in storm conditions
and thus reduce loading on the blades and tower. However the hub is complicated, heavy,

larger to accommodate the actuation mechanism and hence more costly than for a stall

controlled turbine.

Partial span pitch control gives the benefits of full span pitch whilst avoiding some of the
drawbacks. It strikes a compromise between the mechanical simplicity but higher shock
loads of stall control and the mechanical complexity and lower loads of full span pitch

control. The pitchable section operates in the region of maximum effectivness, at the blade
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tip, where aerodynamic moments are greatest. The non-pitchable inboard acts like a stalled
rotor. Advantages of such a scheme are that the hub can be simple, there is reduced shock
loading when compared with stall rotors, faster pitch rates can be attained leading to lower
structural requirements and normal operating brake duty. However the pitch actuation
mechanism must be compact and light. Higher loads are experienced in high windspeeds
when compared with full span control and some method of transferring a control signal to
the actuator is needed. For a constant windspeed HAWT, Leithead [38] concluded that the

performance improves with tip rather than full span regulated blades and with three blades

than one.

Other forms of blade control are continually being proposed. For instance, a method where,
as the wind speed increases, the blades collapse downwind of the tower thus reducing the

effective swept area of the rotor [39]. In the extreme condition, the blades are parked
horizontally and the design load on the tower is merely the bending moment due to the

weight of the blades and the wind load on the tower. This should radically reduce the

costs of all the structural components in a wind turbine and dramatically improve the
cost effectivness of wind power. For this thesis, a partial span pitch control mechanism is

assumed for the turbine operating at both fixed and variable speed.

1.2.6 Tower design

Two tower designs have been used to date: lattice and tubular. The lattice tower has a

more diffuse tower shadow than the tubular design and is cheaper and easier to construct.

However it is visually ugly and the tubular tower has come to dominate the European

market and is slowly beginning to dominate the US market.

A major effect that determines the power from a wind turbine is the boundary layer of

the Earth’s surface which is typically several hundred meters deep. Over limited ranges in
height, this can be represented by a simple power law [40],

1
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The higher the turbine blades the greater the windspeed and hence power out but the tower

structure becomes more expensive to construct. Tower design is a complex affair as the tower
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must be strong enough to withstand the bending forces induced by the rotor thrust and
wind drag and have natural frequencies which must not resonate with the rotation frequency
or with the blade passing frequency. ‘Stiff’ towers with high natural frequencies which avoid

resonance are expensive and heavy. ‘Soft’ towers which have natural frequencies between

the resonant bands are lighter and therefore cheaper but require more care in designing the

controller to avoid the lower resonance. This is usually achieved by accelerating the blade

through the resonant band as quickly as possible [41].

Although the tower movement will have an impact on both the wind speed as seen by

the blades due to fore-aft movement and the stator oscillations these effects are small in
comparison with the overall torque produced. As such they can be ignored for this thesis
with the main aim being to produce a reasonable model for simulating the performance of

the permanent magnet, synchronous generator and developing a good understanding of the

required control algorithms. Therefore, from this point onwards, the tower is assumed to be
stiff enough that there are no structural interactions. Furthermore the wind turbine blades

are also considered to be stiff enough that blade bending does not contribute a sizeable

variation in the shaft torque input to the permanent magnet model.

1.2.7 The definitive design

The ‘best’ configuration of turbine may not exist. The key criterion for a wind turbine
design is to assess its suitability to the actual location and then to optimise the costs.
However an appreciation of the different factors and how they interact should help this
process. Interactive designs where tower, blades and hub are all more flexible with variable
speed control are being designed to minimise the cost of wind turbines. A review of future

developments in wind turbine technology is given in [1]. However this thesis is concerned

mainly with the electrical generating aspects and the typical and fairly cost effective turbine

structure using the key components listed in Table 1.3 is modelled.

1.3 The Aim of this thesis

The aim of this thesis 1s to model a directly connected, multi-pole, permanent magnet,

synchronous generator and examine its performance to show that this design of generator
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| Numberofblades | 3 |
| Bladetype | ~~ SHff(GRP) |
| Power control |  Active tip pitch control |
Safety | Brake tips and low speed brake |
Tower type __ Stiff steel tubular |
Blade orientation | ~ Upwind |
Hub type . Rigd |

|

|

Generator Permanent magnet synchronous
None (directly connected)

Table 1.3: The thesis wind turbine design

Gearbox

can lead to cost savings and improved performance when compared with current wind

turbine systems.

Wind turbines typically rotate at 30 to 50 rpm and the generator, either induction or
synchronous, is coupled to the turbine via gears so that it can rotate at 1000 to 1500
rpm for grid connection. However the gearbox brings weight and cost penalties, demands
regular maintenance, generates noise and incurs loss. Clearly eliminating the gearbox would
improve the attractiveness of wind generation [42]. Direct connection of the generator to
the wind turbine requires the generator to have a large number of poles. A multi-pole,

synchronous generator fitted with a conventional field winding would have a prohibitively

large diameter and be very expensive whereas permanent magnet excitation allows a small

pole pitch to be used and can yield cost effective designs [43].

MATLAB with SIMULINK [44] was chosen as the main package used to develop the sim-
ulation of the wind turbine. The aim of the simulations was to predict the performance
of the generator and show its advantage over standard generator designs. The initial work
focussed on the simulation of fixed speed generators with 50 Hz output which can be con-
nected directly to the grid. A simulation library, comprising the key elements of the wind
turbine system shown in Figure 1.3, was required for the fixed speed case and the final

version is shown in Figure 1.4. Each block contains a library of models that can be used

in a SIMULINK program to represent the aspect of wind turbine operation indicated by

its title. Software, in the form of Matlab scripts and functions, was written to support this

library so that the initial conditions of the blocks could be set up and results analysed.

During the course of the work presented in this thesis, the wind energy industry began to

show an interest in variable speed systems with electronic frequency converters. The direct

drive generator can be applied to such a situation with cost benefits and performance en-
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Wind Speed wind Turbine Pitch Controllers Generator Models
time series models Models

Fixed Speed Wind Turbine Modelling Library - Version 1.0

Figure 1.4: Fixed speed wind turbine simulation library

hancements. The latter chapters of the thesis address this form of operation and compare
its viability with that of the fixed speed case. A similar simulation library for the variable
speed case was developed with the key difference between the two libraries being the oper-

ation of the generator at variable speed and the inclusion of a frequency converter, and its

associated control requirements. This simulation library is shown in Figure 1.5.

1.4 The Design of Permanent Magnet Generators

When designing permanent magnet systems, the choice of which permanent magnet ma-
terial to use has a critical impact on the design. Expensive, high remanence, rare earth
materials, such as the Neodymium-Iron-Boron complex ( NdFeB ), lead to designs with
small magnet volume but high overall costs. Conversely using cheaper ferrite magnets re-
quires greater volume of magnet but lower cost [45]. Furthermore surface mounted NdFeB
magnet designs can have a tendency to demagnetise slightly at low load torques because of
the flux density they experience. Therefore buried magnet designs using flux concentration,
although heavier, are considered to be better [46]. Thus the permissible weight, volume,
cost and magnitude of the demagnetising mmf all alter the design of generator. Two typi-

cal designs of generator using ferrite and rare earth magnets can be seen in Figure 1.6 (a)

and (b).
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Variable Speed Wind Turbine Modelling Library - Version 1.0

Figure 1.5: Variable speed wind turbine simulation library
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Figure 1.6: Two Permanent Magnet Generator Designs
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The concepts behind permanent magnet generators are covered in greater depth in Chapter 3
of this thesis. A comparison of generator costs carried out by Spooner [45] shows that a
radial flux design using ferrite magnets as the means of excitation is the most cost effective.
This cost effectiveness arises from the design flexibility offered by working with ferrites

which allow more optimum magnetic conditions to exist. The ferrite magnets are about

12% of the cost of the rare earth NdFeB complex.

1.4.1 Modular Stator Construction

Further cost savings can be achieved by considering the construction costs of the generator

stator [47]. For such a large pole number, permanent magnet, synchronous generator a sta-
tor diameter is needed which would exceed the maximum available width of electrical steel
sheet. So, unless a modular form is adopted, a segmented core with appropriate structural
support would be needed. This would require accurate machining after fabrication and
laminations to be fitted in place manually so that they overlap each other. Such a time con-
suming process would also require a series of complicated and expensive punching dies and
hence a modular arrangement suitable for high speed automated manufacture is desirable.
The proposed multi-pole generator, discussed in Chapter 3, has a very localised flux in the
stator and this makes such a modular arrangement possible [43]. A very large number of

separate units can be used which do not detract from the flux distribution greatly.

1.4.2 Damping requirements of a multi-pole, permanent magnet, syn-

chronous generator

Synchronous generators typically have da,rflper windings inserted in the pole face for better
transient performance. The construction of damper windings for the multi-pole, permanent
magnet, synchronous generator would be prohibitively expensive and the damper windings
would be quite ineffective. Therefore, if the generator is to be directly coupled to the grid

there is a requirement for an alternative form of damping. This could be provided by

compliantly mounting the generator.

If the generator is connected to the grid via a frequency converter, there is no need for

a compliant mounting. Generator damping is no longer required for acceptable transient
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performance because the power out of the generator can be controlled by the inverter and

the rotor inertia used as a flywheel to smooth power excursions. This mode of operation is

discussed in Chapter 5.

The latter method to achieve acceptable transient performance is expensive but may lead
to increased energy capture whilst the former offers a simplicity of construction and design.

A comparison between the cost, weight and performance of the fixed and variable speed

schemes is included in Chapter 7.

1.4.3 Further design implications of removing the gearbox from the wind

turbine drive train

High powered wind turbines rated from 500 to 1500 kW, with large diameter blades and
tall towers, are increasingly economic and improve the total power extraction from a site.
However large diameter blades have low rotational speeds to limit the tip speeds to about 60
m/s and correspondingly large shaft torques. Standard wind turbines therefore use a step-up
gearbox to generate 50 Hz ac from the low speed. Such a gearbox, capable of handling large
torques, is very expensive, noisy and requires considerable maintenance. The increased
height of the turbine towers, required to place the turbine blades in a higher windspeed
regime, leads to the tower head weight being a substantial cost factor [36]. Eliminating

the gearbox has many benefits and the direct drive generator is the next logical step in the

development of a more economic wind turbine.

As a direct drive wind generator has no need for a gearbox, one of the key constraints
placed on reducing system cost is removed, providing the new permanent magnet generator
is cheaper and lighter than the induction generator plus gearbox. However the overall efiect
of removing the gearbox is greater than merely reducing the cost of the drive train. Many
designs of wind turbines have suffered from excitation of the drive rain oscillation modes
by the unsteady and cyclic oscillations inherent in wind systems. Typically the drive train
oscillation modes are lightly damped to avoid any excessive power loss in the drive train
and the excitation of these modes has led to unwanted excursions in the power flow into the
grid and increased wear on the gearbox. This excitation has been counteracted by mounting

the gearbox on a suspension, teetering the hub and introducing quill shafts to add some

damping to the system [48] [49] [50] [41]. However problems exist and further operating
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experience is required to prove them economical or reliable {37].

1.5 Thesis Outline

The preceding sections have introduced the need for some fundamental changes to the
design of wind turbines so that they may compete against conventional fossil fuel and
nuclear technology in terms of environmental impact and more importantly in terms of good
economic sense. The need to reduce cost is addressed by eliminating the gearbox and the
effect of this change on wind turbine design is the main thrust of this thesis. The chapters
are structured such that the method of attack and key results for the fixed and then variable
speed operation of the direct drive, multi-pole, permanent magnet, synchronous generator

are outlined in order to make a comparison with a conventional gearbox driven induction

generator design.

To understand more fully the methods of simulating wind turbines, the second chapter of
this thesis describes in detail the development of a model for a fixed speed, horizontal axis
wind turbine. The modelling of the free wind stream, the blade interaction with the wind
and the developed torque driving the generator is discussed first. Then a comparison against
published wind turbine performance is included to validate the approach taken. Finally the

modelling of other aspects of the wind turbine system, such as the pitch controller, is
outlined and validated.

The next chapter describes the development and validation of a simulation model for the
multi-pole, permanent magnet, synchronous generator operating at fixed speed. The perti-
nent theory of permanent magnets and electrical machine design is outlined first and then
the final design of the permanent magnet generator is presented [51]. The use of a compliant
mounting, to act instead of damper windings, is introduced and its manufacturing limits
discussed. WINDGEN2, a suite of programs written by others in the Wind Energy Group
at Durham University that allows the user to design a fixed speed permanent magnet gener-
ator of any rating, is then described. The per unit system used in the simulations and how
the values can be extracted from the results of WINDGEN?2 are detailed. This is followed

by the d, g-axis modelling of the permanent magnet generator and the compliant mounting

using SIMULINK. Finally the validation of the generator model against a small test rig at
UMIST is presented.
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The fourth chapter contains results for the fixed speed case and discusses the design in-
teraction necessary to match the compliant mounting to the parameters of the permanent
magnet generator and in particular the d— and ¢g— axis reactance. The basic operation of
the compliantly mounted permanent magnet wind generator is discussed for a 455 kW rated
design which is the median of the typical ‘best’ designs commercially available at present.

These operational characteristics are then extended to cover a range of generator ratings

from 200 kW to 1.5 MW f{or step and ramp changes, under synchronisation and then for

gusting and severe storm conditions.

In Chapter 5 the case for allowing wind turbines to run at variable speed is presented in
terms of increased energy capture, load alleviation, power smoothing and noise reduction.
Several schemes for the frequency converter connection are identified and the modelling

effort for the selected scheme is described. Finally the control mechanisms and desired

performance of the scheme is outlined.

The key results for the variable speed operation of the multi pole permanent magnet gener-

ator are presented in Chapter 6 for several different control schemes to show their dynamic

interaction and assess how they can be designed. Once an acceptable overall control scheme

is developed the operation of the variable speed wind turbine is presented for wind speeds

above and below rated.

Chapter 7 contains a detailed comparison between the fixed and variable speed cases of
operating the direct drive, multi-pole, permanent magnet, synchronous generator in terms
of cost, weight and performance. Then both cases are compared with the gearbox driven
induction generator design to see which is best. Finally key design constraints for the

further development of both the fixed and variable speed cases are presented and avenues

for improvement discussed.

Chapter 8 concludes the thesis and describes some further work which the author feels
would be profitable to pursue. Several appendices are then included which contain the key
equations of the models. Appendix A contains the relevant equations for the modelling of
the wind turbine dynamics, Appendices B and C contain the relevant equations for the fixed
speed permanent magnet generator model modelling and linearisation, Appendix D contains

the equations for the variable speed permanent magnet generator model and Appendix E

contains the modelling equations for the gearbox plus induction generator arrangement.
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Chapter 2

Wind Turbine Modelling

T o understand how electricity can be generated from the wind effectively requires a
knowledge of the full spectrum of engineering disciplines. This chapter covers the

development and validation of a simulation model for a complete wind energy conversion
system (WECS). The interfaces between the wind and the blades, the developed blade
torque and the tower structure and finally the pitch controller and blades are discussed with

special reference to a typical 455 kW turbine of similar design to the Howden HWP300 [52].

The scheme of these interlinking dynamics can be seen in Figure 2.1. Perfect yaw control

is assumed so that the turbine is always facing into the direction of wind.
DYNAMICS

STRUCTURAL STRUCTURAL
MOTION FORCES
SHAFT SPEED POWER POWER
AERODYNAMICS GENERATION
DYNAMICS

PITCH
ACTUATION

ACTUATOR h
DYNAMICS DEMAND DYNAMICS POWER DYNAMICS

Figure 2.1: The dynamics of a pitch regulated wind turbine

In the first section of this chapter, the wind distribution near ground level is explored

and two methods for modelling the turbulence, gusting and transient effects of the free
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wind stream compared. The first method assumes that the same point wind speed acts
throughout the wind stream and that the wind speed is made up from discrete elements
with noise superimposed upon them consistent with that experienced by a typical wind
turbine. This is then used to evaluate the power of the free wind stream experienced by
the wind turbine. The second method is very similar except now the point wind speed is
built up using spectral techniques to derive a point wind speed with the same spectrum as
would be experienced by a wind turbine. The key simulation models for each method are
presented and validation runs of these models are undertaken to compare the output with

real measured wind data. These simulation models are contained in the ‘Wind speed time

series models’ sub-library of the ‘Fixed Speed Wind Turbine Modelling Library’ shown in
Figure 1.4.

The second section of the chapter goes on to examine the wind interaction with the rotating
blades which is the integral part of any WECS as this is the mechanism whereby power

is extracted from the wind and converted into useful torque. Again both the discrete

and spectral point wind speed methods are compared and conclusions made as to which

method is most suitable for the test bed simulation of the permanent magnet synchronous

generator. The simulation models developed in this section are contained in the sub-library

‘Wind Turbine Models’ again shown in Figure 1.4.

Pitch control is considered to be the most appropriate power control method for the reasons

given in section 1.2.5 and the pitch controller of a typical WECS is outlined, the modelling
associated with it discussed, and the development of the ‘Pitch Controllers’ library shown

in Figure 1.4 described. The pitch controller comprises an industry standard PI control

algorithm and a model for the actuator dynamics. The design and validation of the PI

controller and pitch actuator is outlined and a few sample results presented.

The last section of this chapter summarises the chosen methods for modelling the wind

interaction with the wind turbine and presents the overall Simulink model necessary for .

such a simulation.
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2.1 Wind distribution near ground level

The free wind stream is the raw energy input to a wind turbine and as such it is crucial

to understand its dynamics upto a height of about 100 metres. The energy spectrum of

fluctuations in the free wind stream has already been presented in section 1.1.1 and it is now

necessary to consider the timescales associated with modelling the wind for the assessment

of wind turbine performance.

There are two key timescales. Firstly an analysis of the wind speed is usually carried out at

a proposed site for a wind turbine or farm which takes into account all the variations likely

over a year to establish the overall energy capture. Secondly turbulent models are used to
establish the dynamic performance of a given wind turbine design to show that it will be

safe in all wind conditions. These two timescales require different modelling techniques and

both are required in this thesis to analyse the performance of the direct drive wind turbine

design.

2.1.1 Yearly distribution modelling and energy capture prediction

To evaluate the total energy capture of a wind turbine requires a prediction of the number

of hours a turbine operates in a certain mean wind speed regime and the power output of

the wind turbine for that mean wind speed.

WIND DISTRIBUTION. The large spectral gap between the diurnal contribution and
atmospheric turbulence allows a wind energy analysis where the latter is considered to be a

stationary process {53]. Probability distributions such as the Weibull function can then be

used to evaluate the number of hours the wind turbine experiences a mean wind speed at a
site. The Rayleigh distribution, which is a special case of the Weibull function with shape
factor 2, is a simple single parameter function that is widely used to describe the wind [54].

When preparing such estimates it is usually implicitly assumed that the distribution is the

same from year to year although this may not be true.

The Rayleigh distribution provides a reasonable approximation over flat terrain and states

that the probability, p(U), that the wind speed exceeds a certain value, U, is given by,

o) = s -2 (L) en
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2.1 0000000 Wind distribution near ground level

where U,, is the annual average wind speed. This equation implies that wind speeds in

excess of U,, occur for 46 % of the year whereas wind speeds above 2.4 U,, occur for less

than 1% of the year. A graphical representation of the Raleigh distribution can be seen in

Figure 2.2 for a site with a mean average wind speed of 8 m/s.
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Figure 2.2: Raleigh Distribution

At any given wind speed, U, the power in the wind, P, per unit area is simply the product

of the kinetic energy per unit mass and the mass flow rate. This leads to the expression for

the power present in the free wind stream,

P = -;-pU ° per unit area (2.2)

Combining the results from equation 2.1 with equation 2.2 gives the free stream energy

during one year. It is now necessary to understand the effectiveness of a wind turbine at

extracting this energy.

2.1.2 Typical performance characteristic

According to equation 2.2, the power available in the wind increases as the cube of the
windspeed. High windspeed is not encountered often enough to make it economic to extract

“the total energy available during the year. Over-engineering is thus kept to a minimum by
rating the generator for an optimum windspeed and then using some form of aerodynamic
power limiting above this windspeed. Two forms of aerodynamic limiting are commonly

used - stall regulation where the rotor falls progressively into stall as the wind speed increases
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and pitch regulation where the power is shedded by feathering a portion of the blades.
Excessive wear and fatigue of the turbine is also avoided by having a cut-in wind speed below
which it is uneconomical to run the turbine as most of the captured energy is dissipated in

overcoming the losses of the turbine. Typical cut-in and cut-out wind speed are 5 and 25

m/s respectively [55].

The desired power curve for such operation can be seen in Figure 2.3 (a). Above rated
windspeed the pitch controller maintains power at the rated value and below rated wind
speed the performance of the wind turbine is determined by the typical variation of the
power coefficient shown in Figure 2.3 (b). The power coefficient is discussed in greater
detail 1n section 2.2. Pitch control is also beneficial in helping with the start-up and shut-

down of the turbine. It is currently the predominant form of regulation today and is selected

for the wind turbine model.
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Figure 2.3: A Typical Output Power Curve and the Power Coeflicient

To carry out an energy analysis requires the value of the energy present in the free wind
stream to be modified by the performance curve of Figure 2.3 (a). Such an energy capture

analysis 1s presented in Chapter 5 when comparing the fixed and variable speed operation

of the direct drive wind turbine.

2.1.3 Turbulent timescale wind modelling

This section is devoted to the complex subject of the simulation of the wind itself and how

the type of model impacts on the type of results achieved. Turbulent timescale wind was
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initially modelled by adding up a set of discrete component partsin the wind, i.e. turbulence,
gusting, ramping components, to establish a point wind speed at any given time and assume
that this value acted over the whole wind turbine swept area. This allowed the design
engineer to test the wind turbines performance for specific transient conditions. However
experience with actual wind turbines proved that this method, although easy to implement,
had some fairly serious drawbacks because of the failing to take into account blade rotation
[66] [57]. As an individual blade rotates it samples a cross-section of the the whole free
wind stream. The turbulence present in the wind takes a finite time to pass the turbine
and therefore the blade samples this turbulence at a frequency proportional to its rotational
speed. This alters the effective frequency spectrum of the developed shaft torque in such a
way which is not included in the discrete point wind speed model. A representation of this
process can be seen in Figure 2.4. Spectral techniques were, therefore, developed which can
account for blade rotation, wind shear and tower shadow and model the wind speeds in the
entire swept area of the blades [58]. The spectral method is based on using cross-correlation
between two point wind speeds within the swept area to generate a spectrum for turbulence
in the whole swept area. This spectrum is then converted into an effective point wind speed
which has the correct spectral characteristics as would be present in measured wind data.
Both techniques have been implemented and a comparison carried out between them to see

which method is best for the performance assessment of the direct drive wind turbine.

Point wind speed

Figure 2.4: Rotational sampling of the free wind stream by the rotating blades
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2.1.4 Discrete model of the turbulent wind

In the discrete model for generating a point wind speed time series the wind is broken down
into four components as can be seen in Figure 2.5: a base component which corresponds
to the underlying strength of the wind, a noisy component representing turbulence, a ramp
component which relates to a gradual increase in the base speed and a component rep-

resenting gusting. The total wind speed at any time is given by the addition of all four

components.
Wind Speed
Total Wind Speed with Noise
Ramp Gust
Base Speed

Time

Figure 2.5: Simulation of the Wind

The graphs are shown as variations in time. However wind varies as a multidimensional,
multivariate process in all directions and therefore the point wind speed model is inherently
inaccurate. To improve the accuracy requires either a detailed dynamic blade model which
maps the interaction of the wind stream and finite sections of the turbine blades into hub
torque which is a function of time only [59] or the use of a power spectral methods. Work is
being done to eliminate the inaccuracies from the point wind speed model but O. Wasynczuk
[60] reports that the correlation between the assumed point windspeed model and accurate
wind data is reasonably good. The wind equations are listed in Appendix A and are taken
from work carried out by Anderson [40]. This is implemented on SIMULINK by inputting
a vector of values for time and the corresponding values for the point wind speed calculated

by a MATLAB script, windsped.m, which carries out the above discrete method. Before the
spectral method can be introduced it is necessary to expand on SIMULINK [44] to clarify

33



21— e Wind distribution near ground level

to the reader how models can be developed to represent both algebraic and differential

equations.

2.1.5 MATLAB with SIMULINK

SIMULINK [44] is a dynamic modelling package which allows quick and easy simulation of
complex nt* order differential equations and control systems. It is written by Math Works
and front ends MATLAB, the matrix laboratory program, and as such the results from
any script written for MATLAB to execute complex algebraic vector calculations can easily
be input into SIMULINK models. The package solves the full non-linear set of differential
equations that govern the system by using a fifth order Runge-Kutta-Fehlberg technique
with adaptive step size control. The Control Systems Toolbox extension package allows full
system linearisation to be performed and propagation of the solution for any continuous
input time history. Hence time responses of the linearised version can be checked against

the full non-linear version and conclusions may be drawn as to which values to use for the

best performance of the system:.

From this point on in the thesis several block diagrams of SIMULINK systems will be
presented, which represent different aspects of the wind turbine, pitch controller, permanent
magnet generator and frequency converter. The process of building these individual models

from their governing equations and how they are glued together to form complete system

models will also be explained and the models then used to derive an understanding of the

operation of the direct drive permanent magnet generator in the windy environment.

2.1.6 SIMULINK implementation of the discrete point wind speed model

The ‘Wind speed time series models’ library shown in Figure 1.4 expands to give the library
of blocks shown in Figure 2.6. The first block is the implementation of the discrete method

as the wind time series history is calculated prior to running the simulations by the script,

windsped.m. The spectral blocks will now be developed.
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Vector of wind speed

values returned from Dryden Transfer Leithead Filtert Mean Windspeed Example Mode! to
windsped.m function Calculate Wind
DISCRETE METHOD BLOCK SPECTRAL METHOD BLOCKS

Figure 2.6: Wind speed time series library

2.1.7 Spectral model of the turbulent wind

The second method, mentioned earlier, is concerned with more accurately representing the
fact that the free wind stream is a three dimensional wind field. The work of Kristensen
and Frandsen [57] and Leithead [58] is particularly relevant and will be discussed now. This
work is based on determining an expression for the spectrum of the wind field from the
correlation between two distinct points within the free wind stream [41] and hence deriving
a method of generating an effective wind speed which is spectrally correct. Therefore it is
crucial to develop a good understanding of the likely variance of the wind speed experienced
by the rotor and a mode] for the turbulent spectrum. The key equations and development

of a model to generate an effective point wind speed with the correct spectral characteristic

is now outlined with the full derivation included in Appendix A.

WIND SPEED VARIANCE. An estimate for the probable standard deviation of the

wind speed as experienced by the rotor can be found from Connell’s [56] turbulence intensity,

t, which he defines as,
Oy
U

) =

(2.3)

where o, is the standard deviation and U is the mean windspeed. Connell presents the

values in Table 2.1 as representative as the terrain and turbulence structure vary.

A value of 0.2 covers the situations above the horizontal line and is used for the evaluation of
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the standard deviation of the turbulent wind spectrum for any mean wind speed according

to equation 2.3 because it covers the areas where wind turbines are most likely to be sited.

TURBULENCE AT A POINT. There are numerous models for representing the power

spectrum of turbulent windspeed, S,(w) about an average windspeed (U). They are gener-

ally of the form,
K,|w|#

S LT

(2.4)

The factors K, and T, depend on such factors as the surface roughness, turbulence intensity
and mean windspeed of a site. The powers a, # and u depend on which spectrum is used.
The most commonly used examples are the Von Karman [41], Davenport {61], Dryden [62],
and Kaimal [63] spectra. From a considerable literature search the Von Karman spectra,

although perhaps slightly inaccurate due to the assumption about turbulent length scales,

is the most popular and is used in this work,

iT-1
Su(w) = 0.47502 =

This spectrum is centered on the average windspeed, U, with a standard deviation, o,
given by equation 2.3 and a turbulent length scale L. The turbulent length scale can be
considered as the length of typical eddies in the free wind stream. This is quite difficult to

estimate but Frandsen suggests a good approximation [64] to be,
L = 6.5k (2.6)

where h is the height above ground at which the wind is measured and is usually taken to

be the hub height of the wind turbine.

MODELLING THE VON KARMAN SPECTRUM. The Dryden spectrum can be

Terrain Type

Turbulence Structure
Neutral | Unstabls |

Simple 0.15 <04
Gentle Complex 0.2 0.4
Moderate 0.3 0.5

Severe Complex

0.35 0.5

Table 2.1: Turbulence Intensity

36



21 000000000 Wind distribution near ground level

used to approximate the Von Karman spectrum as the Dryden spectrum is more easily
modelled [65]. The Dryden spectrum has a transfer function given in equation 2.7 and the

values of b; and a; are selected to closely fit the Von Karman spectrum.

Wrs = (2.7)

A series of Dryden spectra are generated to give a best fit approximation to the Von Karman
spectrum over the range of windspeeds required with the turbulent length scale, L, given by
equation 2.6. The value of a; is found from the break point on the Von Karman spectrum
and the value of b; is found from the initial gain. The value of b; must be modified so that
the standard deviation of the wind speed is consistent with that presented in equation 2.3.
This is achieved by passing a white noise signal through a block representing the Dryden
spectrum and increasing b; until the required standard deviation is achieved. This gives
the variation of b; and a; against mean wind speed and these variations are implemented
as two look-up tables. Typical plots of the two spectra for a mean wind speed of 15 m/s
and turbulent length scale of 200m (equivalent to a 200 kW turbine), can be seen in Figure
2.7. The Von Karman spectrum is a smooth curve as it is generated numerically and
the Dryden spectrum is generated by using MATLAB’s Fast Fourier Transfer routine on
the filtered white noise. The spectrum of the white noise closely follows the Von Karman

spectrum. The dryden transfer function and white noise generator are implemented on

SIMULINK by the blocks shown in Figure 2.8.

. 5 -4 -3 2 -1 0 1 2 3
L.og (frequency)

Figure 2.7: The Von Karman Spectrum and Dryden Approximation for U = 15, L = 200
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Figure 2.8: The Dryden Transfer function block

FROM TURBULENCE TO AN EFFECTIVE POINT WIND SPEED. Now that
a method for evaluating an approximation to the Von Karman spectrum has been outlined

it is necessary to show how this can be used to generate an effective point wind speed time

history. This is done by the SIMULINK model shown in Figure 2.9.

_noisel |
Noise spectrum
 checks !
wmﬁeou'ioésyge%s Effective wind speed
I .
(Band-limited) Dryden Transfer
<3 0
II Filtlerec{ rm;\d speed
nput to torque
Base windspeed I I:t.i.alculatlrr:-.::ln
Table ol‘ bt versus
wmdsmd
Table of at versus
windspeed Mean Windspeed
10 second avera

mean windsp

Figure 2.9: Generating an effective point wind speed by spectral modelling

The output from the white noise is spectrally filtered according to the Dryden approximation
given by the values from the functions of b; and a; indexed by the mean windspeed and this
value is added to the base wind speed to give the effective point wind speed. The mean
windspeed is calculated over an averaging time of 10 seconds. To show the effective wind

speed contains the correct spectral variation as real wind data it is necessary to validate
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the output spectrum of the variable transfer function. The ‘Leithead filter’ block is the

implementation of the spatial filter which represents the disk averaging by the rotation of

the wind turbine bladés and this is dealt with in section 2.2.2.

2.1.8 Validation of the point wind speed and spectral methods against

measured wind data

It is when the output from the discrete and spectral derived point wind speed methods
are validated against real wind data or need to be used as an input to the simulation of
a wind turbine that the key differences between the two methods show up. The discrete
point wind speed model is very labour intensive to set up as the individual gusts, ramps
must be entered into the program which sets up the wind history to match it against the
measured wind speed whereas the spectral method may not introduce exactly the same
variations but will introduce the right spectral information. This is the important factor

when determining the dynamic performance of the wind turbine and its control schemes.

A comparison of the type of wind history from the discrete and spectral point wind speed
methods and real wind data for an average mean wind speed (AMWS) of 14.1 m/s can be
seen in Figure 2.10. This real wind data was provided by the National Renewable Energy

Laboratory (USA) and was recorded on a 42 m wind measurement mast {66].

Real wind data versus simulated values retumed from point and spectral methods, Vmean = 14.1 mv/s

Wind Speed (mvs)

- - Point wind speed method

" ¥ .
L & 1 3 ] L ]
-------- :itlliillil:ll-.ilni-iii:llililllllillli'.li-ﬂ‘.-"-"l‘Eiﬁl'l'iI11iii-l-Iilii}iliiilii!:lii'iil"'
* » L | L L » Y ]
. * . » "

Figure 2.10: Wind histories from point and spectral methods versus real wind data
Clearly the point wind speed model can be constructed so that it follows the variation
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of the real wind data. However it is a time consuming process and the spectral method
gives reasonable correlation. A further comparison between the spectrum returned from
the spectral method and that of the real wind speed data can be seen in Figure 2.11. It

is important that the spectrum is the same as the real wind as this will ensure the same

control action is necessary [58].

0 Spectrum retumed from spectral method - L = 273, Vmean = 14.1 m/s

> 10" 10° 10" 10° 10°
E " Spectrum of real wind data - 42 m mast, Vmean = 14.1 nvs

10 —r v .
%,
210
;

10.“: . : n 1t 3oes s 2 e s e : s = % % o280 . : e s o4 s
g 10" 10° 10" 1o 10°

wﬁpocmunolmdwinddamwpommaodupmspocwmmmodhnmspocnlmemod

10" 10° 1} 10° 10°
Log Frequency

Figure 2.11: Spectrum of real wind speed data versus spectral simulation

Clearly good correlation is achieved between the spectra of the spectral method and from
the real wind speed data. The previous two figures show that both the point wind speed
and the spectral method can produce the correct free wind stream but the former is very

time consuming to set up and for reasons which are made clear in the next section can lead

to large inaccuracies in the developed shaft torque.

2.2 Wind Turbine Aerodynamics

The development of suitable models for the wind speed at a point in the free wind stream

has been discussed in the previous section. It is now necessary to consider how the wind

turbine blades interact with that free wind stream and outline which aerodynamic effects

are the most important to include to ensure the key control criteria of the wind turbine can

be met.

The physical approach to modelling the wind interaction with the blades involves finding
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the net hub torque from the sum of the aerodynamic forces exerted on finite sections of
the rotating blades [59]. The torque developed by each section is dependent on the local
rotational velocity, the local windspeed and the sections geometry. A three dimensional
wind model including the effects of rotational sampling and blade modes is required. This

is very calculation intensive and so a simplified approach has been proposed {65] and this

1s described in the next few sections.

This section considers the complex question of wind turbine aerodynamics and, in particular,
methods for simulating the wind interaction with the blades so as to get realistic values for
the derived hub torque. The discrete and spectral point wind speed methods, presented
in the previous section to obtain wind speed time histories, are extended to include the
key effects introduced by the rotating blades to get an accurate shaft torque. The ‘Wind

turbine model’ library shown in Figure 1.4 expands to reveal the blocks shown in Figure

2.12.

SRS I

Wind speed  Induction Lag1 fower hadow 1P and 3P
to power blade ﬁ'\ﬁgalance Effects
CORE AERODYNAMIC DISCRETE METHOD SPECTRAL METHOD
BLOCKS ROTATIONAL EFFECTS ROTATIONAL EFFECTS

Figure 2.12: Wind turbine model library

Both the discrete and spectral methods are methods which allow the power in the wind to
be determined from a point wind speed which is assumed to act throughout the wind stream
and therefore there are some core blocks which are present in both simulation models. The

differences between the two methods come about from the assumptions used to generate
the point wind speed time history as described in the previous section and from differences
in the modelling of the wind interaction with the blades. The differences in modelling the

interaction of the wind with the turbine blades is now discussed and the results returned by
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each method are then compared so that a choice can be made as to which method is likely

to offer the best accuracy.

2.2.1 Power from the wind calculation

The first core block present in the wind turbine simulation is the block to calculate the
power in the wind. The simplest method of modelling the interaction of the wind with the
blades of the wind turbine is to assume that the same point windspeed acts throughout the
wind field and that the power transmitted to the hub shaft is simply that from equation 2.2
modified by some factor known as the power coefficient. This power coeflicient is dependent
on the speed of the wind and the pitch of the blades [40]. The power coefficient can be seen
graphically in Figure 2.1(b) and is incorporated into equation 2.2 to give,

1

The wind speed is either generated by the simple discrete method or by the more complex
spectral method which gives an effective point wind speed for the whole wind stream. This
effective wind speed is used to induce the same spectral torque in the hub shaft as would
the three dimensional windspeed acting over all the elements of the rotor [58]. Furthermore
the spectral method method allows for the fact that the turbulence present in the free wind
stream is rotationally sampled and this leads to important frequency spikes in the power
spectrum of the induced torque which are not apparent in the discrete point wind speed

method.

The merit of the point windspeed method is that it gives a quick and easy method for
investigating the performance of the compliant mounting. The C, curves are implemented
as a look-up table referenced by both the tip speed ratio and the current pitch angle. The
resulting power is converted into per unit torque by dividing by the turbine speed and per
unit torque base. This has been implemented on SIMULINK and can be seen in Figure

2.13.
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Rotor
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Figure 2.13: Evaluating the shaft power from the wind

2.2.2 Induction Lag

The second core block in both wind turbine models simulates the effect of induction lag.
This transient eflect must be included in both the discrete and spectral point wind speed
methods. When the pitch on the blade or the windspeed changes there is a finite time delay
whilst the airflow downstream from the turbine adjusts to suit. Stig-@ye [67] showed that

the complex wake takes time to attain the required form with a time constant related to

the windspeed. This can be seen in Figure 2.14.

induction Lag of & Wind Turbine biade

0 2 4 ¢ 8 10 12 14 16 18 20
Time (seconds)

Figure 2.14: Induction Lag of a typical wind turbine

Typically there is an overshoot in the response of the blade flapwise bending moment of

43



2.2 Wind Turbine Aerodynamics

about 50 7% which then decays with a time constant roughly equal to the windspeed (m/s).

The shaft torque also shows a similar response. This can be modelled by control lead-lag

system of the form,

(2.9)

This effect was initially considered only in the case of the spectral method but it has been

included in the point windspeed model because it is an important transient effect which

both methods should and can contain.

2.2.3 Additional effects to include in the discrete wind speed method

If the windspeed is only modelled at a single point, several key dynamic transients in the
derived hub torque are neglected. These deterministic effects should be introduced into the
discrete point wind speed method to get a more accurate torque input to the permanent

magnet synchronous generator model. These additional effects are contained in the ‘Tower

Shadow and Blade Imbalance’ block shown in Figure 2.12.

DETERMINISTIC EFFECTS. The hub torque induced by the wind contains certain
deterministic variations due to the rotation of the blades. The first deterministic effect for
both upwind and downwind wind turbines is a phenomena known as tower shadow [68].
Tower shadow in downwind turbines is easy to understand as it is fairly obvious that the
tower will block the air flow in the region immediately downwind of the tower and hence as
the blade goes through this region there will be a loss in driving force. These variations in
driving force can lead to excess fatiguing of the blade. Tower shadow can be added to the

point wind speed model by representing it as a pure sinusoidal torque variation,

T = Asin(wbpt) (2.10)

where T}, is the torque variation that must be added to the overall torque, A is the amplitude
of the variation and wy, is the blade passing frequency. For an upwind tower the effect is less
apparent but still occurs due to the wind flow reversing after hitting the tower and causing

a region of lower pressure. This has been implemented on SIMULINK and is referenced
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on the block diagram of Figure 2.14. The tower shadow is calculated in per unit terms
and is therefore added to the per unit torque from the wind to give the total per unit shaft
torque. The amplitude of the tower shadow is scaled with windspeed such that the standard
deviation introduced by it in above rated wind speeds is about 10 % of the rated torque

of the turbine and this is a typical level for such a wind turbine [65]. In below rated wind

speeds the torque amplitude is scaled down with the cube of the windspeed.

The second deterministic effect is wind shear. There exists a boundary layer between the
surface of the earth and the free stream velocity at a great height. This velocity profile can

be seen in Figure 2.15. The boundary layer has been described mathematically [40] by,

h 7
U=+ Un (2.11)

where U} is the wind speed at height A and Uy is the wind speed measured at the hub
height, H.

Figure 2.15: Wind Shear for a typical wind turbine

Wind shear introduces oscillations in the blade speed because there is more torque on the

blades in the up position because the wind is stronger further away from ground level and
less torque on the lower blades for the same reason. The effect of wind shear on the induced
torque is more noticeable for a two blade turbine as for a three blade turbine and increases
with turbine diameter. For the wind turbine described in this report the deviation in driving

torque as the blade rotates is calculated to be less than 0.25% and is thus neglected for the

discrete point wind speed model.
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IMPLEMENTATION. The additional effects contained in the ‘Tower shadow and blade

imbalance’ block which generate a suitable torque variation to add to the torque derived

from the point wind speed can be seen in Figure 2.16.
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Figure 2.16: Tower shadow and blade imbalance

The blocks above the caption ‘Amplitude correction with mean windspeed’ are explained

in greater detail in section 2.2.5 as they have been derived from the spectral method.

Essentially the blocks ensure that the tower shadow and blade imbalance are scaled sensibly

as the mean wind speed varies so that in low wind speeds the torque variation is maintained

at a level corresponding to a 10 % increase in the standard deviation of the torque input to

the generator model.

2.2.4 Overall SIMULINK implementation for the discrete wind speed
method

The method of deriving the shaft torque from the discrete point wind speed model has been

implemented on SIMULINK and can be seen in Figure 2.17. The wind velocity profile is
generated by a MATLAB script prior to simulation runtime, The rotor speed and pitch

angle are generated during the simulation run.

2.2.5 Additions to the spectral method

The method for deriving the torque for the spectral method is very similar to the point

windspeed model except now an effective wind speed representing the three dimensional
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Figure 2.17: Converting the discrete point wind speed to shaft torque

wind speed is used [58]. This means that the correct spectral information is retained and
the same equation for the mechanical input power can be used. However there are a few
modifications that must be made to account correctly for the rotational sampling and disk
averaging of the free wind stream by the rotating blades. The theory and implementation

of a SIMULINK model for these two phenomena will now be presented and a method for
quantifying their effect discussed.

DISK AVERAGING. The wind turbine experiences an average of the free stream wind
speed over the rotor disc and this effect can be modelled by a spatial filter [69] of the form,

Wav (V2 + As)

= m (2.12)

This spatial filter is derived by using the cross spectrum of wind speed between two points

in the wind field to evaluate the power spectrum of the driving torque. The value of a is

taken as 0.55 and A is given by the following expression,

A= ";.}R (2.13)
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where 4, is the decay factor of the turbulence and is taken to be 1.3. Hence the total wind

spectrum is found by combining equation 2.7 and equation 2.12,

Wr = Wrg x Wyy (2.14)

This filter which is dependent on the value of the mean wind speed can be seen in the
SIMULINK block diagram shown in Figure A.1 in Appendix A. The effective point wind
speed is averaged by the variable transfer function, W4y . The effect of the spatial filter on

the input wind speed from the spectral method can be seen in Figure 2.18.

0 10 20 30 40 50 60 70 80
Time (seconds)

Figure 2.18: The actual and spatially filtered windspeed

MODELLING THE EFFECTS OF ROTATIONAL SAMPLING. As the wind
turbine rotates it samples the wind field at its rotational frequency. This has the effect
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