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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, 

" 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, m2 
Al, Blade imbalance magnitude, Nm 

A3r Deterministic torque magnitude, Nm 

a Spatial filter coefficient 

at Break point of the Von Karman spectrum 

a3,. Stochastic torque frequency spread, rads/s 
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J. Stator Inertia, kg m2 
I C-11 determining the value of S,, (w) 
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PaC Airgap power transfer, Watts 
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Pdc DC link power transfer, Watts 

Mode Power loss in E-core rectifier diodes, Watts 

Pin Power transfer into E-core, Watts 
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Pmax Max power transfer across E-core, Watts 

Pout Transmitted dc link power per E-core, Watts 
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Vane Line voltage on forward side of rectifier, Volts 

VRc Voltage across E-core resistance, fl 

V8y8 System voltage, Volts 
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a Inverter firing angle, degrees 

Phase angle between E-core voltage and current, rads 
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INDUCTION GENERATOR PLUS GEARBOX MODELLING NOTATION. 

ch, High speed shaft damping coefficient, Nm rads s-1 

cg, Low speed shaft damping coefficient, Nm rads s-1 
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nd Induction generator time constant 
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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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1.1 The emergence of wind power as an economic renewable 

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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1.1 The emergence of wind power as an economic renewable 

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 18th 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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1.1 The emergence of wind power as an economic renewable 

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 

investment 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 CO2, NOx and SO., 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 CO2 emissions during manufacture. A 

comparison of the CO2 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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1.1 The emergence of wind power as an economic renewable 

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- 
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1.1 The emergence of wind power as an economic renewable 

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 2.5 to 3.0 p/kWh [17] 
Coal 3.5 to 4.5 p/kWh [17] 
Nuclear 5 to 8.0 p/kWh [17] 
Wind 3.5 to 7.0 p/kWh [17] 

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 c 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 5MW). 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 a2 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 leaning 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 
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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. 

Wind 3.5 to 7.0 p/kWh [17] 
Wave 4 [25] to 16 p/kWh [29] 
Solar 25 to 30 p/kWh [ 30] 
Tidal 6.5 p/kWh [31 ] 
Offshore Wind 5.6 to 11.2 [32] p/kWh 
Hydro 5 p/kWh [33] 

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 
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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. Each 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 
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Figure 1.3: Typical medium sized horizontal axis wind turbine 
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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 



1.2 The history of wind turbine development 

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 which 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 
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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 . E1.5M 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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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 power 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], 

Uh 0), 
Uio (1.1) 

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 is 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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Number of blades 3 
Blade type Stiff (GRP) 
Power control Active tip pitch control 
Safety Brake tips and low speed brake 
Tower type Stiff steel tubular 
Blade orientation Upwind 
Hub type Rigid 
Generator Permanent magnet synchronous 
Gearbox None (directly connected) 

Table 1.3: The thesis wind turbine design 

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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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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1.4 The Design of Permanent Magnet Generators 

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 damper 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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1.4 The Design of Permanent Magnet Generators 

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 effect 

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 WINDGEN2 are detailed. This is followed 

by the d, q-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 q- 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 for 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 

To 
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. 
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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 

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, 

p(U) = exp [-i (U)2] (2.1) 
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2.1 Wind distribution near ground level 

where U1, is the annual average wind speed. This equation implies that wind speeds in 

excess of Um occur for 46 % of the year whereas wind speeds above 2.4 Um 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. 

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=2 pU3 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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2.1 Wind distribution near ground level 

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 in 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 Coefficient 

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 is 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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2.1 Wind distribution near ground level 

initially modelled by adding up a set of discrete component parts in 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 

[56] [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. 
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, 

Direction of 
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Figure 2.4: Rotational sampling of the free wind stream by the rotating blades 
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2.1 Wind distribution near ground level 

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. 
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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 0. 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 
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2.1 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 nth 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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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 model 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, 

i, which he defines as, 
Qu 

$U (2.3) 

where a,, is the standard deviation and 11 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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2.1 Wind distribution near ground level 

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, Se(w) about an average windspeed (U). They are gener- 

ally of the form, 

S-M 
_ 

Ii I wI µ 
(2.4) 

ý1+ ( TT)a]Q 

The factors IC, and T� depend on such factors as the surface roughness, turbulence intensity 

and mean windspeed of a site. The powers a, ß and µ 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, 

Su(w) = 0.475v2 ,, 
LCT-1 

S 
(2.5) 

[1 + (wLU-1)2]e 

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=6.5h (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 
Stable Neutral Unstable 

Simple 
Gentle Complex 

0.08' 
0.12 

0.15 
0.2 

< 0.4 
0.4 

Moderate 0.18 0.3 0.5 
Severe Complex 0.25 0.35 0.5 

Table 2.1: Turbulence Intensity 
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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 bt and at are selected to closely fit the Von Karman spectrum. 

WFS = 
bt 

sb at 
(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 at is found from the break point on the Von Karman spectrum 

and the value of bt is found from the initial gain. The value of bt 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 bt until the required standard deviation is achieved. This gives 

the variation of bt and at 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. 

.......... _......... _. .............. 's................... 

g_ 

Log (frequency) 

Figure 2.7: The Von Karman Spectrum and Dryden Approximation for 0= 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. 
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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 bt and at 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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2.1 Wind distribution near ground level 

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 blades 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 mis 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 returned from point and spectral methods. Vmean -14.1 m Is 
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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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2.2 Wind Turbine Aerodynamics 

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]. 
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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 dear 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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2.2 Wind Turbine Aerodynamics 

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 

is 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. 

Wind speed Induction Lagt Tower Shadow 1P and 3P 
to power blade Imbbalance 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 coefficient 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, 

P=2 CCPAU3 (2.8) 

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 Cp 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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Figure 2.13: Evaluating the shaft power from the wind 

2.2.2 Induction Lag 

Shaft 
Power 

The second core block in both wind turbine models simulates the effect of induction lag. 

This transient effect 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-Oye [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. 

InaxUon lay a. Wind Tu, bko blas 

I 

Constant4 Switch1 

Twne () 

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 
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about 50 % 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, 

1+As 
1 +rs 

(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, 

Tts =A sin(wbnt) (2.10) 

where Tt, is the torque variation that must be added to the overall torque, A is the amplitude 

of the variation and wbp 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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2.2 Wind Turbine Aerodynamics 

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, 

I 
2.11 Uh 

HUH ) 

where Uh is the wind speed at height h and UH is the wind speed measured at the hub 

height, H. 
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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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2.2 Wind Turbine Aerodynamics 

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. 

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 = 
(/ + As) 

(2.12) 
(. \/2- + ý/aAs)(1 + 77 

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, 

7Ü (2.13) 
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2.2 Wind Turbine Aerodynamics 

where y, 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, 

WT = WFS * WAV (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, WAy. The effect of the spatial filter on 

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

........... ........... ........... ............ ........... ............ 

........... .................... 

............ ý_ 

10 20 30 40 50 60 70 
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 

of introducing spectral peaks at multiples of the blade passing frequency and shifting the 

whole spectra towards higher frequencies [56]. This effect can be seen in Figure 2.19. The 

three curves have been generated numerically by the method presented in [57] and represent 

the effect of rotational sampling experienced by a typical wind turbine. The factors a and 

ß referred to on the diagram are dimensionless quantities that determine the shape of the 

spectrum and are defined as, 

cti 
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2.2 Wind Turbine Aerodynamics 

,Q=U (2.16) 
Lw,. 

So for a given wind turbine design the predicted power spectrum of the shaft torque can 
be derived. Clearly as a increases the radius of the swept area increases and the amount of 

rotational sampling increases when compared with the spectrum at the hub, which is given 
bya=0. 

_o 
Normalised Power Spectrum by the normalised frequency of a rotating blade 

e 

Figure 2.19: The Effect of Rotational Sampling on the Wind Spectrum 

The largest spectral peak is at the rotational frequency of the blades, 1w,. and the rela- 

tive size of the others depends on the turbulence and the rotor configuration. A small 

anemometer would experience no rotational sampling effect. The action of the blade chop- 

ping through the turbulence is the main cause of rotational sampling with the other terms, 

wind shear and tower shadow, contributing a small proportion. 

By altering the shaft torque derived from the effective point wind speed model the net 

hub torque can be modified to include a principle component at 3w,., the blade passing 
frequency, to represent the rotational sampling. In a steady wind field the 1wr components 
have no correlation and are, therefore, almost completely cancelled in the hub torque except 

a component attributable to blade imbalance. The 3w,. loads have some degree of correlation 

and hence do not cancel out [65]. It is easiest to implement the rotational sampling and 

blade imbalance effects as additive torques to the hub torque produced from the effective 

wind speed model and the following sections will outline how this can be done. 
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2.2 Wind Turbine Aerodynamics 

BLADE IMBALANCE. Blade imbalance covers such factors as engineering imperfec- 

tions in the blades, offsets in blade position and even the build up of detritus. An imbalance 

torque is set up centered at lwr. As it is mainly deterministic in nature the imbalance can 

be represented by, 

ul, (t) = Al. sinlwt (2.17) 

IMPLEMENTATION. The power spectrum of the rotational sampling model must con- 

tain a spike at 3w, to represent the deterministic components due to rotational sampling, 

tower shadow and wind shear and a broader spectrum to indicate the spreading effect of 

the stochastic part from turbulence in the wind. Furthermore a sin generator is required at 

1w,. to represent blade imbalance. The model used to obtain this effective spectrum can be 

seen in Figure 2.20. 

Figure 2.20: The Model of Rotational Sampling of the Wind Spectrum 

The white noise generator gives the desired spread about 3w, and the cos and sin gener- 

ators give the desired spectral peak for the 1w, and 3w, effects. The magnitudes of the 

spectral components must be chosen to give good agreement with the spectral plot from 

representative site data. 

QUANTIFYING THE ROTATIONAL EFFECTS. The standard deviation due to 

rotational effects at both 3wr and lw,. can be assumed to be equal to 10% of the rated aero- 

dynamic torque with the ratio between the variances being 9: 1 [70]. It is also assumed that 

this figure is constant above rated windspeed and reduces with the cube of the windspeed 
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below rated windspeed. Furthermore it is necessary to quantify what is the percentage con- 
tribution of the deterministic and stochastic components to the rotational sampling at 3w,.. 

A reasonable approximation is to assume a ratio which gives 80% stochastic and 20% de- 

terministic contributions. Evaluating the power spectrum of the 1w, and the 3w,. equations 

and, using the ratios of the variances, values for the constants can be found. A program 

which automatically calculates these values from the data for the wind turbine has been 

written and the values it returns are shown in Table 2.2. 

Aar Deterministic Component 3181.98 
a3,. Stochastic frequency spread 1.5 
b3,. Stochastic component 11.90E3 
Al,. Deterministic Component 3622.43 

Table 2.2: Coefficient values for the rotational sampling effect 

Again, as for the discrete point wind speed case, the standard deviation introduced by 

the rotational sampling of the free wind stream and other deterministic effects is assumed 

constant above rated wind speed but must be scaled for below rated wind speeds. The 

factors given in Table 2.2 are therefore scaled down as the cube of the windspeed to maintain 

a reasonable level of standard deviation. 

2.2.6 Complete Wind Spectrum Model 

Putting the ideas from the previous sections into context the overall spectral scheme for 

taking the wind speed to the torque driving the generator can be seen in Figure 2.21. The 

spatially filtered and mean wind speed values are input to the model, having been previously 

generated by the separate model shown in Figure 2.9. This pre-simulation run only needs 
to be carried out once for each windspeed and the values for the spatially filtered and mean 

wind speeds are stored as vectors in the MATLAB workspace. This reduces the computation 
time considerably. The corresponding power coefficient for the spatially filtered wind speed 
is substituted into the power equation to give the shaft power. This shaft power is then 

converted into shaft torque and passed through the filter representing the induction lag 

effect. The 3wr and lw,. torque disturbances are added to the shaft torque though a first 

order filter and then this total shaft torque is passed to the sixth order generator block. 

As has been shown SIMULINK allows the user to group large sections of the individual 

functional icons together to allow for clearer representation of simulation models. This has 
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Figure 2.21: The Simulink Model of the spectral Method 
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been carried out for the diagram shown in Figure 2.21. There is only one real difference to 

the model shown in Figure 2.17 for the discrete wind speed model and that is the block to 

represent the rotational effects which contains the group of icons shown in Figure 2.20. The 

1P and 3P effects are summed through a first order filter, converted to per unit value and 

then added to the hub shaft torque. The net hub torque is then used to drive the generator. 

2.2.7 Implementation and comparison of the methods to model the wind 
interaction with the blades 

It is now appropriate to compare the results from the discrete and spectral point wind 

speed methods to justify the two approaches and evaluate which should be the method used 

subsequently in the thesis. For a clear comparison the pitch controller, -which is examined 
in the next section, is not included and therefore a below rated wind speed time series is 

used as input to the model. The effect of the sixth order generator is included to complete 

the link from shaft torque to shaft rotational speed to give the correct variation in the tip 

speed ratio. However for the fixed speed case the rotational speed is almost constant. 

DISCRETE METHOD RESULTS. The windspeed time history for the comparison 

can be seen in Figure 2.22. The fifty seconds of wind data is user generated with noise 

representing the turbulence at the measurement point imposed upon it with a spectrum as 

described earlier in section 2.1.4. It has been generated to match the wind speed time series 
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returned from the spectral method for a hub height of 30 metres and mean wind speed of 

9 m/s. 
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Figure 2.22: The time history of the point windspeed 

Time series and corresponding power spectral density for the induced hub torque without 

the deterministic effects can be seen in Figure 2.23 for a 455 kW wind turbine generator 

as described in Chapter 3. There is no appreciable signal at 3w,. and most of the energy 

occurs at low frequencies. This is in contrast to the work presented by both Frandsen and 

Leithead who have studied the effect of rotational sampling as explained earlier. 
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Figure 2.23: The induced hub torque without tower shadow 
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The torque variations due to rotational sampling and deterministic effects, such as tower 

shadow and blade imbalance, are introduced to the point windspeed model explicitly using 

a sin wave generator at 3wr and at 1w, with amplitudes consistent with a 10% increase in 

standard deviation. These torque variations have the spectra of the form seen in Figure 

2.24. 
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Figure 2.24: The power spectral density of the induced rotational torque variation 

Combining Figure 2.23 and Figure 2.24 to give the overall spectrum due to the wind data and 

the superimposed rotational torque gives the torque variation and power spectral density 

of the induced hub torque. This can be seen in Figure 2.25 and it is clear that the effect 

of introducing rotational effects almost completely swamps the Von Karman noise in the 

data. 

A spectral peak is now introduced at one and three times the blade passing frequency but 

there is no shift in power from the lower frequencies to the higher as reported by Leithead 

and so a spectral implementation is needed. The discrete point wind speed method can also 
include the induction lag effect as well as deterministic effects. This has been implemented 

and the results can be seen in Figure 2.26. The effect of induction lag is to make the 

variation of the hub torque increase and the standard deviation increases by 35 %. 

SPECTRAL METHOD RESULTS. The need for the spectral method can be reinforced 
by assessing the spectral density of the point wind speed input produced by the discrete 

method and that produced from the spectral method. This is shown in Figure 2.27 and 
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Figure 2.25: The induced hub torque with tower shadow 
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Figure 2.26: The induced hub torque with and without induction lag 
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there is a marked difference. The spectrum of the wind speed time history produced by 

the discrete method starts with roughly the same amplitude and variation as the spectrum 

produced by the spectral method but as the frequency increases the two spectra diverge 

with the discrete method showing an incorrect drop off in energy at higher frequencies. 

Power spectrum from point and spectral method 
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Figure 2.27: The spectral density of the point and spectral methods 

Disk averaging leads to an even larger discrepancy between the two spectra as more power 

is shifted to the higher frequency components in the wind. This cannot be accommodated 

in the discrete method as easily as tower shadow, blade imbalance and the induction lag 

effects can and therefore the spectral method is required. The implementation of the full 

spectral method on SIMULINK requires considerably more complexity than for the simple 

discrete method and the run times are slower. Some sample results have been obtained for 

the 455 kW wind turbine and these are now presented. 

The power spectral density of the total per unit torque can be seen in Figure 2.28. Com- 

paring the spectrum with the one shown in Figure 2.25 for the total hub torque predicted 
by the discrete point speed model it is clear that the spectrum predicted by the spectral 

method has more energy at the higher frequencies and better definition of the 3w, rotational 

spike. These spectral characteristics are typical of those derived from measured hub torque 

time histories and therefore the spectral method seems to be the better method for deriving 

hub torque. 
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Induced hub torque from the spectral method 
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Figure 2.28: The power spectral density of the total hub torque 

2.2.8 Choice of wind model 

Overall the discrete method for deriving a point windspeed and corresponding hub torque 

is easier to implement, understand and gives quicker simulation run times than the spectral 

method yet it fails to introduce the correct form of spectrum at higher frequencies. Therefore 

throughout the rest of this thesis the discrete point wind speed model is only used for the 

step responses which are included to demonstrate the action of the different controllers on 

the key dynamic interactions within the fixed and variable speed cases. The spectral method 

is used for all simulations of the generator in the windy environment to demonstrate the 

operational performance of the fixed and variable speed cases. 

2.3 Power Limiting Methods 

The next integral part of the wind turbine model that needs to be explained is how can the 

input power to the wind turbine be limited. As explained earlier there are two common ways 

to limit the aerodynamic power. The first is to use passive regulation where the rotor blades 

are designed to stall progressively as the windspeed increases above rated. The second, and 

preferred, method is active regulation where the blades are feathered to maintain constant 

torque. The blades are continually adjusted above rated wind speed to limit the power input 

to the wind turbine and the adjustment is usually made in response to power measurement. 
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The whole of the blades may be pitched, full-span pitch regulation, or only the tips may be 

pitched, part span pitch regulation. 

The next sections outline a typical pitch actuator and control system model and introduce 

the role pitch control has to play in the context of the directly coupled, permanent magnet, 

generator situation. Some sample results are presented for the fixed speed case and the 

pitch controller performance is validated by comparison against the measured power curve 

of the 500 kW rated Vesta wind turbine [55]. 

2.3.1 Typical Pitch Actuators 

One of the most common forms of pitch actuator comprises a ball screw and ball nut 

arrangement as can be seen in Figure 2.29 [71]. 
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Figure 2.29: A typical pitch actuator system 

The servo motor drives the ball screw at a speed governed by some power measurement and 

control interpretation. This speed is dose to the speed the rotor actually rotates at. When a 

gust occurs to take the turbine into a region of above rated windspeed the speed of the rotor 

will increase. As this speed increases a difference in speed, w2 - wl, arises which forces the 

ball screw to move in the direction of the thread and a suitable hydraulic system forces the 

pitch of the movable span to be altered. This in turn brings the rotor speed to the rated level 

and no further action is required. It is desirable for the actuator to be simple and robust 

yet it must also satisfy the condition of low power consumption for this would detract from 

the efficiency of the WECS. As the inertia of the blades is large and the actuator should not 
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consume too much power the actuator has limited capabilities. Its dynamics are non-linear 

with limits on both the pitch rate and acceleration which are easily reached. Typical values 

for the saturation levels of the actuator torque are ±20 kNm which is equivalent to a pitch 

acceleration of ±90 deg s-2 and for the pitch rate ±10 to ± 15 deg s-1 [70]. 

2.3.2 Modelling Pitch Actuators 

As outlined in the previous section the pitch demand is used to drive the servo motor 

and as such must be amplified to a give a useful voltage driving level. The servo-motor 

is represented by a first order delay with a simple feedback loop forcing the motor to the 

required speed. The acceleration is integrated to find the speed of the ball nut and this is 

converted into a pitch angle by a further integration. A model of the system described in 

the previous section can be seen in Figure 2.30 [70]. 

Voltage driving 
posftion servo 

To Workspacel I To Workspace2 To Workspace3 

Controller 
ouput Sum LJ Torque limit Actuator Integratorl Rate 

Actuator response Inertia 

Measurement Gain 

Figure 2.30: Modelling the actuator dynamics 

Tip angle Integratorout_i 
time constant 

This model is quite complicated and specific to a given machine design and manufacturer but 

it introduces the correct level of pitch response which can be used to assess the performance 

of the permanent magnet generator. The full pitch actuator model is used in all subsequent 

simulations as it also predicts the duty of the pitch controller in terms of its non-linear 

saturation performance. 
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2.3 Power Limiting Methods 

2.3.3 The Pitch Controller 

So far the dynamics of typical pitch actuators have been discussed. However the key element 

in achieving good power and structural load limiting is a well designed control algorithm. 

Typically PI control of the measured electrical power out is used to derive the pitch demand. 

The method for generating the pitch demand signal can be seen in Figure 2.31. The per 

unit power and torque are the same quantity for the fixed speed case and the difference 

between the actual torque and rated torque is used to derive the pitch demand. The switch 

controls whether there is any pitch action required or not and this can either be dependent 

on a measurement of wind speed or the torque itself. A relay is used to ensure that there 

is a small hysteresis loop in switching pitch control on and off to stop any fluttering of the 

blades around rated wind speed. 

I1 `4.4 - Pitch control using torque to determine pitch demand 
Pitch Kpitch 

Demand Switch r-ý 
pitch-ad 
COOKMIO 

Constants II 6itaidafi1°` 
Tem 

Pitch control using rated wind speed to determine pitch demand 

vwaa 

4comuwu F2 
WindSpeed 

Figure 2.31: Pitch demand 

This pitch demand is then passed to a PID controller which works on the difference between 

the desired pitch angle and the measured pitch angle. This can be seen in Figure 2.32. 

This pitch control and actuator model has been reasonably successful but work is needed 

to quantify the improvements that can be made with say more complex classical control 

techniques as in [72] or in more advance techniques as in [71]. 
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Figure 2.32: Pitch Actuation 

2.4 The full wind turbine model 

Actual 
Pitch 
Angle 

Now that each component has been discussed it is necessary to bring them all together 

to outline the chosen model of a wind turbine operating at fixed speed and to discuss its 

simulation on SIMULINK. 

2.4.1 Implementation on Simulink 

The time history of the spatially filtered point wind speed derived by the spectral method 

and its corresponding mean are the inputs to the model. The power coefficient is derived 

from the point windspeed and the blade pitch angle. This results in a value for the shaft 

power from the wind. The power is converted to shaft torque by dividing by the shaft speed 

and this is then passed through the block representing induction lag. The resulting torque is 

summed together with the torque of the combined rotational effects and converted to a per 

unit value of generator driving torque. This per unit torque drives the permanent magnet 

generator model comprising the rotor, stator and d, q-axis currents differential equations. 

The difference between the resulting electromagnetic air gap torque and rated torque is 

converted into a pitch demand by a fixed gain. If the windspeed is above rated this pitch 

demand is used as the input to the pitch controller and actuator. The overall model for the 

wind turbine can be seen in Figure 2.33. 

The full wind turbine model 
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2.5 Pitch controller design and validation 

Figure 2.33: The Simulink implementation of a wind turbine modelled using the spectral 
method 

Each block contains several grouped icons which have the functionality of the models, 

presented as SIMULINK diagrams in the preceding sections, for calculating the power coef- 
ficient, rotational effects, induction lag, pitch demand and pitch control. The functionality 

of the 6tß' order generator is developed in the next chapter. It is now necessary to complete 

the wind turbine modelling by using the model presented in Figure 2.33 to design the pitch 

controller which can be used for all subsequent simulation runs. The performance of the 

wind turbine model can then be validated against that of a real wind turbine to see how 

realistic the model is. 

2.5 Pitch controller design and validation 

The controller has been designed to minimise the overshoot of the power out into the grid 

above its rated value. This was done through the use of standard control design and full 

simulation runs. The controller action was set to give the best response within the limits 

on the rate and acceleration of the pitchable tip and then the pitch demand gain was set to 
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2.5 Pitch controller design and validation 

give as small an aerodynamic over-torque as possible during a full simulation run. 

Normally for PID control design the transfer function is first obtained and then an ideal 

integral compensator (PI) designed to limit the steady state error and an ideal derivative 

compensator (PD) designed to improve the transient response [73]. For the pitch actuator 

there are definite limits on the pitch rate and therefore not much can be gained from 

increasing the transient response. Hence this section concentrates on the design of a PI 

controller of the type shown in Figure 2.32 with the derivative gain set to zero. 

2.5.1 Simplified transfer function representation 

A simplified transfer block diagram of a wind turbine can be derived from the models pre- 

sented earlier and this can be seen in Figure 2.34. The transfer functions representing pitch 

actuation, induction lag and generator dynamics can be obtained by defining the required 

inputs and outputs to each of the blocks and extracting the linearised state space equiv- 

alent using the `Linmod' function. This can be converted to transfer function form using 

the `tf2ss' function of the Control Systems Toolbox. Classic PI design techniques can then 

be used to estimate reasonable values for the PI controller for a given operating condition. 

However the values returned for the PI controller do not actually give the expected per- 

formance and the main reason for this is that the system is highly non-linear. Non-linear 

control techniques could be applied to the problem [74] but it was just as easy to tune the 

controller through simulation runs due to the ease and speed of use of Simulink. Further 

work could be carried out in this area and this is discussed in Chapter 8. 

Wind Disturbance 

Power 

+ Kp PI Tf g f(Vw) Tf 
Actual 
Pitch 

PI Controller Pitch Angle Induction Generator 
Actuation Lag Dynamics 

Output 
Power 

M 

Power Transducer 

Measurement Delay 

Figure 2.34: Transfer function of a typical wind turbine 
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2.5 Pitch controller design and validation 

2.5.2 PI controller values 

The best values for the PI controller to drive the full pitch actuator model are given in Ta- 

ble 2.3. The values PaProp, PaInt and PaDer are the gains of the proportional, integration 

and derivative branches of the PID controller shown in Figure 2.32. The gain Kpitch was 

set to ensure that the pitch demand is adequate to drive the pitch actuator to the required 
level. 

PaProp 0.15 
PaInt 0.1 
PaDer 0 
Kpitch 20 

Table 2.3: Pitch PI controller values 

2.5.3 PI controller performance 

The simulated input wind to the model and the corresponding power spectrum, as described 

earlier, can be seen in Figure 2.35. The simulated windspeed has an AMWS of 11.94 m/s 

and was generated by the spectral method. The run identifiers, corresponding to the gains 

of the pitch controller and showing whether rotational effects have been included, can also 
be seen on the figure. 

(a) Wind speed with MAWS -11.94 mis and reeiitlnp apatlally filtered wind speed 
p 15 ........ ........ .......... .......... ........ ........... .............. 

16 

......... .......... ........... ........... ............ 
!........ 

...... 
00 

10 20 30 40 50 80 70 

1010 
(b) Spectrum of wind input to the turbine 

10 .... ..:....:.. 

10'' 10° 10' 100 10° 
Log Frequency (reds/a) 

Run Identfler". Prop . 0.15, Int " 0.1, Der . 0, Kpitoh . 20, OmefJndude -1 

Figure 2.35: The simulated windspeed and corresponding power spectrum 

The power coefficient, aerodynamic torque power input before and after induction lag effects, 
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2.5 Pitch controller design and validation 

the total shaft torque including all rotational effects and the corresponding power spectrum 

can be seen in Figure 2.36. It is clear that as the torque increases above the rated value 

of lp. u. the pitch actuator acts so as to try to maintain constant power out. The pitch 

actuation could be improved upon by examining the effect of introducing a more adaptive 
form of control or by using non-linear techniques. The classical controller limits the power 

to 36 % above its rated value which is comparable with the performance of the Richborough 

1 MW wind turbine [75]. The pitch actuator never limits the power strictly to one per unit 

torque by measuring Te,,, and so perhaps some alternative signal or mix of signals is needed 

to adequately limit the peak torque. This is discussed further in Chapter 8. 
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Figure 2.36: The aerodynamic torque with and without rotational effects included 

PITCH CONTROLLER AND ACTUATOR VALIDATION. The response of the 

pitch controller can be seen in Figure 2.37. The characteristic saturation of both pitch 

rate and acceleration torque are typical of this type of controller and the performance 

correlates well with that presented in [651. Furthermore the pitch demand fluctuates con- 

siderably which indicates the power out from the generator is fluctuating a lot, but this is 

slightly smoothed in the actual pitch angle due to the non-linearities and inertias involved 

in pitch actuation. This is desirable in terms of the reduced fatigue loading on the actuator 

mechanism. The pitch actuator and controller are considered to be representative of such 

part span, pitch control systems. Certainly the key dynamic effects are visible and this 

is adequate to test the performance of the direct drive, permanent magnet, synchronous 

generator. 
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Figure 2.37: The pitch actuator response 

2.5.4 Validation against the measured power curve of a Vestas 500 kW 

turbine 

To validate the Cp curves and the level of action of the pitch controller and the wind 

turbine further a comparison has been made against the measured power curve of a Vesta 

500 kW turbine [55]. The windspeed was ramped up using the ramp element of the discrete 

point wind speed model from 5 to 30 m/s with no tower shadow or blade imbalance effects 

included. The resulting output power against wind speed can be seen in the top half of 

Figure 2.38. There is good agreement between the two curves except that the simulated 

curve, which extends all the way to 30 m/s, has a higher final value and this is because the 

generator was slightly over-rated when compared with the 500 kW rated Vesta. 

The bottom part of Figure 2.38 shows the corresponding level of blade pitch required. At 

the cut out speed of 25 m/s the blade pitch demand is set to 90 degrees but the actual 
blade pitch angle takes about 1 seconds to reach this value due to the limit on the pitch 

angle rate. 

2.5.5 Implications of pitch control 

The methodology behind simulating the pitch actuator of the wind turbine has now been 

described. The pitch actuator is the only control handle that exists for a direct drive, fixed 
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Figure 2.38: The simulated power curve against measured power curve and corresponding 
pitch action 

speed, wind turbine and as such its control is very important. A brief introduction into PI 

control has been outlined and further work is reported in chapter 4. The impact of pitch 

control on the variable speed case also has control implications and these are discussed in 

chapter six. The full model of the pitch actuator is used for all the simulations presented 

hereafter for the turbine operating in the windy environment. 

2.6 Concluding remarks 

It has been shown in this chapter that a wind turbine model has been implemented and 

validated which typifies the current industry standard. This model will be used to quan- 

tify the benefits obtainable from a constant or variable speed operated permanent magnet 

generator. The discrete point wind speed method will be used for all step responses and 

the spectral method whenever the performance in the wind situation is presented. The full 

model of pitch actuation will be used in all subsequent simulations. The only piece left to 

fit into the wind turbine simulation is the model of the multi-pole, permanent magnet, syn- 

chronous generator and this is dealt with in the next chapter. Further issues which increase 

the accuracy of the wind turbine model and allow access to other dynamic interactions, 

for instance blade and tower displacements, are discussed in Chapter 8 but as explained in 

Chapter 1 all structural components are considered stiff. 
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Chapter 3 

Permanent Magnet Synchronous 

Generator: Design, Modelling and 

simulation validation 

T 
his chapter describes the work which has been done to model a multi-pole, permanent 

magnet, synchronous generator for use in a wind turbine connected to large power sys- 

tems. Firstly the layout of a conventional synchronous generator is described and then the 

advantages of using permanent magnet excitation are outlined. The historical development 

of a multi-pole, permanent magnet, synchronous generator by Spooner and Williamson [47] 

is described and the current state of the art examined. 

The second section describes a computer program, WINDGEN2 [76], which calculates the 

key parameters of such multi-pole, permanent magnet, synchronous generators. The design 

methodology and key design drivers are introduced to give an understanding of how this 

new form of generator can best be matched to the torque input from the blade interaction 

with the wind. 

The third section starts with a detailed analysis of the five winding model of a synchronous 

generator. The model developed is in the d, q-axis frame of reference and the methodology 

behind simulating such a generator connected to an infinite bus is described. This five 

winding model is reduced to a three winding model that represents the permanent magnet 

synchronous generator. The governing equations are then linearised to show how values of 
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the generator parameters which satisfy the design constraints can be obtained. The method 
for linking the eigenvalues, returned from the linearisation, with step response results from 

full non-linear simulation is then presented. The physical realisation of these results is 

discussed. 

The fourth section outlines a test rig, comprising a dc motor and permanent magnet gen- 

erator, and the test procedures used to validate the simulation model. The permanent 

magnet generator undergoes several electro-mechanical transients and the recorded angular 

movement of the stator and rotor and the output current are compared against those from 

the simulation model. The agreement reached between the test and simulation results is 

discussed to determine the validity of the simulation model. 

The final section of the chapter reviews the work and gives a clear indication of how the 

model can be integrated into a full wind turbine simulation. 

3.1 The Permanent Magnet Generator 

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 or 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 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 [45]. This next 

section starts with a brief description of a conventional synchronous generator and shows 

why it would be unsuitable for the direct drive application. Then the development of 
ferrite permanent magnets and in particular their application to synchronous generators is 

outlined. Finally a discussion of the damping requirements for such a generator in terms of 
its transient stability is presented. 
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Figure 3.1: Typical 4-pole synchronous machine (Source: Synchronous Machines) 

3.1.1 Physical Description of a Three Phase Synchronous Generator 

A synchronous machine is a rotating apparatus that is usually part of a power system and 

a schematic can be seen in Figure 3.1. It consists of two parts: a set of armature coils and a 
field winding in relative motion. For constructional convenience and economic reasons the 

armature winding is usually located in the stator and the rotor contains the field winding 
[77]. When the field is supplied by a direct current and is rotated by the prime mover, for 

instance a steam turbine, alternating currents are induced in the armature. 

SYNCHRONOUS SPEED. The synchronous speed of a synchronous machine is the 

speed at which the machine normally runs under balanced steady state conditions and is 

given by, 

The Permanent Magnet Generator 

Armature coil sides 

C9 

B' 

C 
Field winding 

2 
w, = 

2w, 
rads/s (3.1) 

where w,. is the rotational speed of the shaft, w, is the angular frequency of the supply 

and p is the number of poles. The number of poles of a synchronous machine is therefore 

determined by the mechanical speed and the electric frequency at which the machine is 

intended to operate and to get high frequency generation from low rotational speeds requires 

a high pole number. Furthermore to connect a synchronous generator to the grid requires 
that the generator be run at this synchronous speed with the same phase sequence and 

voltage magnitude as the grid at the instant of closing the synchronising breaker otherwise 
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large transient oscillation may occur. 

The Permanent Magnet Generator 

TYPICAL CONSTRUCTION. A salient pole rotor construction is typically used for 

low speed multi-pole applications and two or four pole cylindrical rotor construction for 

high speed applications. Each pole is usually made up of a set of windings and insulation 

with a minimum pole pitch of about 150 mm. There must be as many complete sets of 

armature coils as the number of pole pairs, symmetrically distributed around the stator, 

and each set consisting of three coils 120 electrical degrees apart. The balanced steady state 

voltages are therefore always 120 degrees apart in phase regardless of the speed. 

TORQUE PRODUCTION. The magnetic flux produced by the field winding is normally 

rotating at synchronous speed with respect to the stator. The fundamental of the magnetic 

field produced by the balanced three phase armature currents rotates at synchronous speed 

and so is stationary with respect to the field. The magnetic fields are constant in amplitude 

and stationary with respect to each other and a steady electromagnetic torque is produced 

from the tendency of the two fields to align. In the case of a generator this torque opposes 

the mechanical torque applied from the prime mover [77]. 

DAMPER WINDINGS. Most salient pole synchronous machines are equipped with 

damper or amortisseur windings, which usually consist of a set of copper or brass bars set 

in the pole face slots and connected at the end of the machine to form a cage winding. If 

the rotor speed departs from the steady synchronous value, the short circuited path linking 

the gap flux behaves with reference to the travelling wave stator field as the cage winding 

of an induction generator. Slip frequency currents are induced and the resulting I2R loss 

dissipates some of the swing energy, developing a torque roughly proportional to slip. At 

negative slip damping torque acts to reduce speed and vice versa for positive torque. Thus 

a damper winding aids the transient stability of a generator fitted with one. Furthermore 

damper windings can reduce over voltages under short circuit. However the induced current 

in the damper winding during transients alters the flux path and hence the reactance of the 

machine and leads to higher short circuit currents. 

WINDING ARRANGEMENT. The armature windings of a typical synchronous ma- 

chine can have a single or double layer, a variable number of slots spanned by each coil (slot 

pitch), integral or fractional slot windings and either full or short pitch windings. These 

factors affect the number and magnitude of the harmonics present in the generated voltage, 
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3.1 The Permanent Magnet Generator 

alter its magnitude and can ease the end connections. The typical pole pitch of a conven- 

tional field winding in a 455 kW generator is of the order 200 mm to accommodate the 

copper and suitable insulation and, for say a 168 pole direct coupled generator, would give 

a rotor outer diameter of 10.7 meters [45]. This would be far too large to fit into a stan- 
dard size nacelle, which typically is only 10 % of the blade diameter, and therefore such a 

conventional generator construction can not be easily used for a direct drive generator. An 

alternative form of providing the excitation is required and this leads to the development 

of multi-pole, permanent magnet, synchronous generators. 

3.1.2 The development of a multi-pole, permanent magnet, synchronous 

generator 

Permanent magnet machines are typically designed for specific applications in devices upto 

a few kilowatts and therefore the large scale permanent magnet machines proposed in this 

thesis are a departure from the current situation. Larger scale machines have been designed, 

built and run successfully [45] and careful consideration of manufacturing constraints [78] 

and their operating experience have led to the design described in this thesis as one of 

the most cost effective for a multi-pole, permanent magnet, synchronous generator. The 

following sections outline the key design steps for the rotor and stator of such a generator. 

3.1.3 Ferrimagnetism and achievable multi-pole, synchronous generator 

rotor designs 

As has already been mentioned in section 1.4 the use of ferrite magnets for providing the 

excitation in permanent magnet synchronous generators is more cost effective than using 

other permanent magnets like rare earth or ferromagnets. The theory of ferrimagnetism and 
design of suitable magnetic systems can be found in any book on electrical machines [79] [80] 

and the key design ideas are included here for clarity. Firstly the characteristics of typical 

ferrite magnets are outlined and the impact they have on the rotor design introduced. Then 

the actual proposed rotor construction is introduced. 

FERRITE MAGNETS. Ferrite magnets are manufactured by sintering oxides of iron 

and another material together in correct proportions at about 1300 degrees. The resulting 
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ferrite is chemically homogeneous and mechanically hard. If a ferrite is placed in a magnetic 
field the molecular magnetic moments align with a resultant magnetic field strength about 

one fifth of the maximum of pure iron [79]. Ferrites are cheap, light and come in a wide 

variety of standard shapes. Furthermore they are reasonably good electrical insulators and 
hence eddy currents tend to be less of a problem. 

Typical B-H curves for two different Nickel-Zinc based ferrite magnets can be seen in Figure 

3.2. Figure 3.2 (a) is suitable for the case where the ferrite magnet experiences alternating 

magnetic field intensities and Figure 3.2 (b) for the case where the ferrite magnet experiences 

a constant magnetic field intensity. Both figures show that, as the molecules align with field 

intensity, it becomes increasingly difficult for further magnetisation and saturation occurs. 

Temperature can also affect ferrimagnetism in that higher temperatures disrupt the stability 

of the alignment of the two molecules and the magnetism reduces. The effect of temperature 

on the B-H charactersitic is shown for the ferrite of Figure 3.2 (a). It is therefore usual 

practice to design ferrite magnet systems for a given operating temperature and saturation. 

The B-H curves are highly non-linear but can be approximated by a linear relation upto 

saturation and this linearisation leads to the definition of the relative permeability, P,., and 

an expression for B as, 

B= µµoH (3.2) 

When the ferrite magnet of Figure 3.2 (b) is excited with a very low frequency alternating 

supply, the field intensity goes from -H to +H and the cycle shown is set up. B lags behind 

H and this lagging is termed hysteresis. The enclosed area is the energy lost in the cycle 

and the resulting magnetism at H=0 is termed the remanence of the material. This 

remanence, Bre,,,, is permanent provided not too great a negative H is applied and leads to 

the idea of using permanent ferrite magnets to provide excitation in synchronous machines. 

GENERAL DESIGN CONSIDERATIONS. A magnetic system that can produce flux 

in an air gap but requires no exciting coil and hence no dissipation of electrical power has 

obvious attractions. Barium, Strontium, and the modern Neodymium-Iron-Boron ferrites 

form good permanent magnets that can be manufactured in large sizes, are suitable for 

assembly into a rotor structure and can withstand large demagnetising fields. A typical 

characteristic curve can be seen in Figure 3.3. 

It is the second quadrant of the loop, the demagnetisation curve, that is of interest in the 
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The Permanent Magnet Generator 
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Figure 3.2: Typical B-H curves for two different Nickel-Zinc based ferrites (Source: Electric 
Machines) 
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Figure 3.3: Typical B-H curves for a Barium based ferrite (Source: Electric Machines) 
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3.1 The Permanent Magnet Generator 

design of permanent magnet systems. Suppose a ferrite magnet with the characteristic 

of Figure 3.3 has a field intensity applied to it of -H, a. The flux density will fall to Bl 

and when this field is removed the flux density will return along a minor hysteresis loop 

to B1. If this process is repeated and providing the field intensity doesn't exceed -H,, 
then the magnet will follow the minor hysteresis loop and can be considered reasonably 

permanent. The loop can be approximated by a straight line which has a slope called the 

recoil permeability, µreC. This slope is almost the same as that of the original B-H curve at 

Brem" If the field intensity -H, a is exceeded a new and lower recoil line will be established. 

It is essential that He is not exceeded otherwise the magnet will be demagnetised and this 

is one of the key constraints in the design of permanent magnet systems. 

RADIAL FLUX PERMANENT MAGNET ROTORS. When designing radial flux 

permanent magnet systems a few key principles need to be followed. The magnetic circuit 

must be designed to use the magnet at its optimum operating point whilst at the same time 

concentrating the flux in the airgap to a suitable level for producing power and using the 

minimum amount of material. The load line, ob, for a simple system comprising a section 

of barium ferrite magnet, iron core and airgap in a dosed loop is shown on Figure 3.3. The 

slope of the line is defined by the physical dimensions of the magnet and airgap and this 

determines at what point on the loop from Bi to Brl the magnet is operating at. A similar 

approach using equivalent circuits can be derived and analysed for the magnetic system of 

radial flux machines and used to derive useful expressions which govern their design. One 

key expression relates the output power of a cylindrical machine to the peak airgap flux 

density and peak stator electric loading distributions [80], 

P= 5k,,, wD2LB9Ä (3.3) 

where kw relates to the technical details of the windings. The stator electric loading is 

limited by temperature rise and peak air gap flux density is limited by saturation. If B. is 

to be in the usual range found in large electrical machines, 0.8 to 1.1 T, then the magnet 

material should have a remanent flux density of at least 1 T. However, for systems using low 

cost ferrite magnet with a Brem of only 0.37 T, a flux concentrating scheme can be used. 

The development of a rotor that gives acceptable flux concentration will now be discussed. 
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Figure 3.4: Rotor and Stator Arrangement 

3.1.4 Rotor construction and design 

The use of a permanent magnet rotor to provide the field is the key element that enables the 

wind turbine to be directly coupled to the generator thereby allowing the overall system to 

be considerably less bulky than could be achieved using a conventionally wound generator. 

ROTOR CONSTRUCTION. Figure 3.4 shows the general form of the magnetic circuit 

used to obtain an airgap flux density of about 1.0 Tesla and a pole pitch of 45 mm using 

cheap ferrite magnets with a remanence of less than 0.4 Tesla [42]. For a 455 kW rated 

generator there are 166 poles which allow 50 Hz to be generated directly from the low speed 

of the wind turbine rotor. The small pole pitch allows the generator to fit into a conventional 

sized nacelle with an outer diameter of the stator of 2.396 metres. The magnets are based 

on the industrial standard size 25 by 100 by 150 mm and therefore for the 45 mm pole 

pitch the pole pieces are 20 mm wide. A modular construction is used for assembling the 

rotor magnets together whereby each rotor module consists of two by one wide of the above 

industrial size magnet blocks surrounded on either side by half the width of steel of the 

flux concentrating pole piece. Constructing the pole piece shape out of several tapered 

laminations of steel allows the same module construction to be used in a range of generator 

sizes from 200 kW to 1500 kW [43]. The flux paths that show how flux concentration can 

be achieved are also shown on Figure 3.4. 
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3.1.5 Modular Stator Construction 

The Permanent Magnet Generator 

Unlike a large conventional generator the space restrictions imposed by such a high pole 

number mean that a normal two layered lap winding is unsuitable for the stator and a 

coarser arrangement as shown in Figure 3.4 is required. The E-core laminations which 

make up the stator are 75 by 41 mm for the 455 kW generator with slot dimensions of 19 

by 32 mm. The smaller the airgap between stator surface and rotor pole pieces the less 

magnet material is required for a given flux density and a2 mm airgap is used. 

The E-core arrangement allows modular construction and as the flux paths within the core 

are localised the E-cores do not disturb the flux distribution greatly. This gives greater 

flexibility in the manufacture of the laminations and support of the stator as they can be 

cut from upto 3.2m sheet steel without the need for a segmented design. If segmentation 

of the structure is needed the tooling and construction costs increase dramatically. Now, 

unlike a conventional generator where many of the forces are resisted by internal stress 

within the core, the force on the individual E-cores must be borne by their own support 

structure. A scheme of fixing the E-cores to hollow rectangular beams supported by a disc 

at each end as shown in Figure 3.4 is preferred [81]. The rotor modules are also supported 

by a similar beam structure. 

3.1.6 Generator magnetic circuit analysis 

The overall design procedure is presented in section 3.2 for the direct drive, permanent 

magnet, synchronous generator but a brief introduction to the analysis of the complicated 

magnetic system is included here. In a continuous stator machine, the EMF is proportional 

to the rotating wave of arigap flux. With the modular machine, however, the flux wave 

changes shape as the rotor poles move past the modules due to the coarse slotting and 

the gaps[81]. The procedure for a given rotor and stator module is to firstly determine 

the equivalent circuit and then evaluate how much flux is generated in the airgap. An 

equivalent circuit for a rotor and stator module of the permanent magnet generator in this 

thesis can be seen in Figure 3.5. Figure 3.5 (a) is only a diagramatic representation as 

in a real generator the E-core pitch and pole pitch would not be an exact ratio of each 

other to prevent cogging. This magnetic circuit can then be used to determine the EMF 

generated in the E-core and the d, q-axis reactances which are necessary for the full non- 
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Figure 3.5: Equivalent Circuit of a Permanent Magnet Generator 

linear simulation and linearisation presented later in the chapter. This procedure takes into 

account the change in air gap reluctance as the rotor moves by considering a short arc of the 

machine at several rotor positions. The resulting set of flux linkages can be used to calculate 

the fundamental and harmonic flux linkage variations from which the EMF components can 

be found. 

3.1.7 Generator magnetic and electrical operation 

Now that the rotor and stator construction details have been discussed and the principles 

used to derive the key parameters outlined it is necessary to briefly describe the mechanism 

by which the generator operates. 

WINDING ARRANGEMENT. Unlike a conventional generator which usually has a 

three phase winding of the form portrayed in Figure 3.1, the coils of the three phase winding 

of the modular permanent magnet generator are distributed around the stator and connected 

as a fractional slot winding [43]. Each coil is wound onto a single E-core module which 

makes coil construction and connection very simple. The fundamental of the induced EMF 

in adjacent coils differs in phase according to the number of coils, NC, and the number of 

poles, 2p, by, 
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3.1 The Permanent Magnet Generator 

The coil connections for creating a three phase output can then be found from the phasor 
diagram of Figure 3.6. Coils from 0 to 60 degrees are connected in series to form part of 

phase A with coils between 0 to 240 degrees connected in reverse to form the rest of phase 
A. These two groups can be connected in series or parallel with each other. Phase B and 
C are formed similarly but rotated by 120 and 240 degrees respectively. Adding EMFs in 

this way is equivalent to adding coil EMFs within a phase band of an integral winding: 

consequently the usual distribution factor applies: 

_ 
sin Z n7 kd 

g'sin2(n7/9') 

Substituting the value for the phase band, -y, of 60 degrees and the slots per pole and phase, 

g', leads to the following expression for the distribution factor of the fundamental of the 

2rp 
Nc (3.4) 

(3.5) 

fractional slot wound permanent magnet generator, 

kd = 
3 (3.6) 

N,,. sin(180/N,, ) 

The distribution factor is a measure of the amount the fundamental is reduced from that 

amount it would be if the phase of all the coil EMFs was the same. Triplen harmonics are 

eliminated by the terminal connection with all other harmonics reduced from evaluating 
Equation 3.5 and inserting the order, n, of the harmonic. 

The winding arrangement table for the 455 kW rated generator introduced in section 3.2.4 

can be seen in Table 3.1. The phase of the coil and the direction of its contribution to the 

phase voltage are indicated. The winding arrangement table assumes that the top left hand 

entry is the top dead center E-core and each subsequent row entry is mounted at the next 

clockwise E-core position. At the end of each row, the next clockwise E-core position is 

given by the first position in the next row down. 

This pattern of winding arrangement is repeated for the second and third tier of the gener- 

ator stator with the pattern being shifted through 120 degrees clockwise from tier to tier. 

This rotation reduces the noise generated by the vibration of the E-core structural support 
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p of coils for phase A 

Group for pt 

Figure 3.6: Stator phasor diagram for deriving winding connection 

A A -B -B C C -A -A B B 

-C -C A A -B -B -B C C -A 
-A B B -C -C A A -B -B C 
C C -A -A B B -C -C A A 

-B -B C C -A -A -A B B -C 
-C A A -B -B C C -A -A B 
B B -C -C A A . -B -B C C 
-A -A B B -C -C -C A A -B 
-B C C -A -A B B -C -C A 

Table 3.1: Winding connection arrangement for 455 kW rated generator 

due to electromagnetic forces. 

WINDING CONNECTION AND HARMONICS. The coils of the phase winding 

are connected to minimise the harmonic distortion of the terminal voltage. The coils are 

connected in a fractional slot winding of order 1z over the three tiers. A fractional slot 

winding leads to a reduction in slot harmonics and breaks the link between slot number 

and multiples of pole number which increases design flexibility. The coils of each tier are 

connected in series to make an individual group and then the groups from the individual 

tiers are paralleled together. This gives a line to line voltage at the terminal of the generator 

of about 2.2 kV. 

The program, WINDGEN2, calculates the level of the harmonics of the terminal voltage of 

the above winding upto the 43rd order. This is done by fourier analysis and has been checked 
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Figure 3.7: Damper windings in Permanent Magnet Generators 

against a harmonic analysis of the output waveforms of a small test rig with reasonable 

agreement. The total harmonic distortion of the line voltage of the rig upto the ninth 

harmonic was 1.26 % and compares favourably with that returned by WINDGEN2 for the 

small test rig [81]. 

3.1.8 Compliant Mounting 

The synchronising torque of a generator is required to overcome the natural oscillations of a 

synchronous machine connected to the grid about its load angle during transient conditions 

but without damper windings these oscillations tend to last for sometime and could lead 

to stability problems. Likewise the oscillations introduced due to wind gusting must also 

be damped out. As mentioned previously most machines incorporate some form of damper 

winding for this purpose. However in the proposed rotor design there is insufficient space 

for an effective damper winding. The diagram in Figure 3.7 illustrates this point and also 

demonstrates the fact that the positioning of such damper windings takes up magnet space, 

detracts from the magnetic circuit and would prove costly to construct. The conductors 

sketched in would typically need to be closed by a short circuit ring at each end of the rotor 

to form a cage winding. 

Hence an alternative form of damping of the rotor is required and the proposed solution 

is to provide nieclianical damping through the use of a. (. ()III pliantly mounted stator. 't'his 
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Figure 3.8: Compliant Mounting configurations 

method of damping was explored by Kirtley with respect to the stability of superconducting 

machines [82] and is also already used in some wind turbines to absorb energy from the 

mechanically excited oscillations of the gearbox. The stator now rotates with respect to the 

stiff floor of the nacelle and damping is provided either by conventional oil filled dashpots 

or preferably through the use of a high hysteresis rubber mounting. 

POSSIBLE CONFIGURATIONS. There are several possible configurations for such a 

compliant mounting, two of which can be seen in Figure 3.8. In Figure 3.8 (a) the stator is 

mounted on separate bearings with two spring damper units at each end. This may prove 

more expensive than electrical damping because of the extra bearings and other components. 

In Figure 3.8 (b) the stator is mounted on a rubber support which should be cheap and 

inexpensive to make. The only possible drawbacks being the stress at the bracket linking 

the rubber to the stator end plate [47] and the resistance of the chosen rubber material to 

degradation of its performance with time and environmental conditions. 

In Case A the stator ring and end cage must be stiff enough not to sag between the bearings 

otherwise the airgap distance would be compromised. One benefit is that the damper is not 

required to support the load and the type of damper envisaged is quite standard. Active 

82 

Naoeft Stwho High HyNSi . R"W 

N&celle Sauclwe 

Nae, W Sawn 



3.1 The Permanent Magnet Generator 

suspension would be possible with such a scheme but the possible benefits of smoother 

power flow into the grid would have to outweigh the cost of a solenoid and resistive dump. 

In Case B the rubber must be able to support the stator and also be able to provide the 

necessary damping. The rubber must be able to absorb the required energy and a suitable 

cooling system may be needed. The rubber would also have to show consistent performance 

with temperature and use. 

BENEFITS OF A COMPLIANT SUSPENSION. Several advantages follow from 

the use of a compliant suspension. Firstly, the key advantage of using such a compliant 

suspension is that there is relative freedom to choose the stiffness and damping of the 

suspension to meet any desired transient performance criteria. This is not the case for 

a conventional damper winding as electrical and magnetic considerations are the prime 

concern. This is explained in greater detail in section 3.5 and Chapter 4. 

Secondly, the angular swing is not limited by the pole pitch because the mechanical restora- 

tive force acts for all deflections of the generator upto the limit of the spring extension. The 

electrical synchronising torque, on the other hand, depends on the position of the generator 

on its characteristic power angle curve. 

Thirdly, damping is now provided to any subsequent oscillations proportional, by some 

means depending on the damping arrangement used, to the angular speed of the stator. In 

a conventional generator, the damping provided by damper windings depends on the current 
flowing in the winding as explained in section 3.1.1. However the current which would flow 

in the damper winding of such a multi-pole, permanent magnet generator during transient 

conditions would be small and ineffective [83]. This is due to the high resistance of such 

a damper winding and the low EMF introduced in the damper winding during transient 

conditions. 

Finally, the generator can accept unbalanced current without loss and hence electrical tran- 

sients can be more readily absorbed. The first point that the mechanical restorative force 

is not limited by pole pitch is the key reason why compliant suspension is really the only 

cost effective method for ensuring good performance of a fixed speed, multi-pole, permanent 

magnet, synchronous generators. 
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3.2 The Generator Parameters 

3.2 The Generator Parameters 

Now that the multi-pole, permanent magnet, synchronous generator has been introduced it 

is necessary to outline the derivation of the parameters for the wind turbine, the permanent 

magnet generator and the compliant mounting. Firstly the design procedure for a medium 

sized wind turbine rated at 455 kW is outlined. Several design drivers are identified and 

these are used to derive designs of generator ratings from 200 kW to 1.5 MW, a typical 

range for wind power applications. The per unit system and post-processing using EXCEL 

of a generator design program, WINDGEN2, is then introduced. 

3.2.1 Overall design procedure 

Given a desired rating of generator, the nominal windspeed at a site and the performance 

coefficient data for the wind turbine blades, then the required diameter of the blades is 

found by rearranging equation 2.8 for the power in the wind to give, 

diameter = 
8Pnom (3.7) 

PVnomCpnom 7r 

The maximum rotational speed of a wind turbine is constrained by the tip speed which 

should be typically between 50 and 70 m/s for optimum performance [41]. Hence, for a 

given nominal wind speed and the calculated diameter, a particular rotational speed is 

given by, 

:57 diameter 
(3.8) 

diameter w' 

This then fixes the number of pole pairs required to give 50 Hz generation and, using the 

magnetic circuit described in section 3.1.4, the outside diameter of the rotor. The maximum 

number of E-cores is given by dividing the circumference of the rotor by the standard E- 

core width of 75 mm and arranging the winding connections to give a satisfactory output 

voltage. 
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3.2.2 WINDGEN2 -A fixed speed permanent magnet design suite 

A program, WINDGEN2, that enables a full range of permanent magnet generators to 

be designed has been written by other members of the Wind Energy Research Group at 

Durham. The required specification in terms of the wind turbine blade diameter, design 

and mean windspeed at hub height and coefficient of performance data are entered first and 

a nominal power rating is found for 50 Hz grid connection. Then the generator is specified 

in terms of standard module size for both the rotor and stator from a selection which 

satisfy the design constraints of demagnetisation current, required frequency of operation 

and electric loading. Once the basic design is entered a magnetic circuit is carried out 

to find the values of generator reactance, resistance and the generated emf and a fourier 

analysis carried out to assess the harmonic content of the terminal voltage. The program 

then evaluates the thermal loading of a whole generator ring and requires the user to specify 

the number of rings to satisfy the minimum thermal loading. Finally a prediction of the 

generator performance at nominal frequency and voltage is carried out to ascertain the 

designs effectiveness. WINDGEN2 also returns values for the masses of the key generator 

parts as weight is a crucial design criteria in wind turbines as a low tower head weight leads 

to a lighter tower structure and overall cost savings. The returned values for the weights 

are used to calculate the inertia of the generators rotary parts. 

3.2.3 Tier Number 

The thermal loading on the E-cores imposes a limit on the allowable current in the coils. To 

ensure a suitable E-core current involves either increasing the depth of the slots and hence 

allowing more turns per E-core or altering the size of wire used. This leads to an increase 

in the power out of a given module but also changes the insulation and current carrying 

requirements and can lead to an inefficient design. 

Alternatively the tiered system shown in Figure 3.9 could be used. The tiers share the 

driving torque and hence less current flows through the windings although the total power 

out is the same. Decreasing the number of tiers increases the per unit value of Xd and X. 

and can lead to poor designs. Increasing the number of tiers, on the other hand, increases 

the weight of the generator and there is a trade-off between tower head weight and electrical 

performance. The efficiency of a tiered generator depends on the loading of the generator 
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Stator outer diameter 

Nacelle Structure 

Figure 3.9: The tiered approach 

but is about 96 % at full load which compares well with a conventional generator. 

3.2.4 Overall Values for a 455 kW rated generator 

This section outlines some key results for a 455 kW rated wind generator, the main pa- 

rameters of which are given in the Table 3.2. The inertia of the rotor is much larger than 

that of the stator as it includes both the inertia of the generator rotor and the inertia of 

the turbine blades. The impedance of the grid and the unit transformer are included in the 

value of R, Xd and Xq. The r. m. s. base values used in the per unit normalisation are also 

included in Table 1. 

3.2.5 Per Unit System 

A per unit system is essentially a system of dimensionless parameters occurring in a set 

of wholly or partially dimensionless equations. This helps simplify the calculations as the 

dimensionless groups are usually derived by a process of normalisation in which one physical 

parameter is divided by another of the same dimension. These base quantities are chosen 

because of the ways in which they characterise key features of the system. The magnitudes 

of some of the base quantities can be chosen quite freely but then the subsequent bases 

must be chosen in accordance with the rules of the system. Normally the principle per unit 

86 



3.2 The Generator Parameters 

Per Unit Generator Parameters 
Overall rating 455 kW 

Terminal voltage 1.0 
Resistance 0.023 

Xd (incl. cable, etc) 0.54 
Xq (incl. cable, etc) 0.52 

Number of poles 166 
Rotor inertia coefficient 2.90 
Stator Inertia coefficient 0.15 

Base Values 
Base Apparent Power 455 kVA 

Base Voltage 1128 Volts 
Base Current 134 Amps 

Base Impedance 8.4 W 
Base Torque 72215 Nm 

Table 3.2: The 455 kW Generator Parameters 

variables assume unit magnitude under rated conditions. The principle bases are derived 

in Appendix C and the post-processing of the rest of the design variables is now outlined. 

3.2.6 Implementation on EXCEL 

The output of WINDGEN2 contains values for all the electrical values of the generator and 

the weights of its key components. However the main part of the rotor inertia is the blades 

of the wind turbine itself. Therefore it was necessary to carry out some post processing of 

the WINDGEN2 output on EXCEL [84] to determine all the component inertias. 

BLADE WEIGHT AND INERTIA CALCULATION. In the thesis the aerodynamic 

performance of the blade is approximated by the coefficient of performance as described in 

an earlier section. However a realistic simulation of the wind turbine also requires a value 
for the rotor inertia. The inertia of the blade depends on its weight distribution and length. 

Harrison [36] has produced an exhaustive report into the costing of modern commercially 

available horizontal axis wind turbine designs and the results from his model are used for 

the blade weights for any diameter upto 70 metres. The inertia of the blade is calculated 

assuming a radius of gyration at a third of the length of the blades. This is assumed from 

the typical weight profile of a blade - heavier at the hub due to the thicker chord there than 

at the tip. The total inertia of the three blades is thus, 
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jr = 3MbR9 (3.9) 

GENERATOR ROTOR INERTIA CALCULATION. The rotor is essentially made 

up of two thick walled cylinders connected by some structural supports. The outer cylinder 

comprises the pole pieces and magnetic material and the inner cylinder is the low speed 

shaft connecting the generator rotor to the wind turbine hub. The rotor structural weight 

is assumed to be distributed equally in the radial direction and therefore is divided by two 

and the mass is lumped with that of the inner and outer cylinders. The equation for the 

inertia of the two cylinders is thus, 

M' 
J= 

M22 
(*o2 +r n) (3.10) 

Hence the total generator inertia is given by, 

Jyen = Jout + Jin (3.11) 

TOTAL ROTOR INERTIA. The total rotor inertia is found from adding the inertia of 

the generator to the inertia of the rotor blades and adding a further amount to represent 

the rotor hub, 

Ad = Jrot + Jyen + Jhub (3.12 

STATOR INERTIA CALCULATION. The stator weight is returned from WIND- 

GEN2 and the same equation for the inertia of a thick walled cylinder is used to calculate 

the stator inertia. The inertia of the spring and damper unit is assumed negligible. 

EXCEL IMPLEMENTATION. The above equations used to extract usable values from 

WINDGEN2 and the relationships between the actual masses and the per unit values have 

been implemented on a spreadsheet using Microsoft Excel [84]. The values in bold face are 

typed into the spreadsheet, shown in Figure 3.10, from the printed output of WINDGEN2 for 

the given rating of generator design. The values required for the simulation are then updated 

automatically using equations (3.9) to (3.12) and those presented in Appendix B for the per 

unit system. This simplifies the procedure for evaluating the necessary parameters for the 

Simulink models to run as just a few key values from the printed output from WINDGEN2 
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3.3 

are required. 

Full Permanent Magnet Generator Model 

3 GRP Bades. De6Qn Vw. 12 
G as ROMQ, kW 200 455 455 750 1000 1500 
Rated Rokkbnd Jp_eed 44.80 36,10 36.10 29.10 24.40 2035 
Nods 0kmsler 2400 35.00 35.00 3 46.00 5500 63.40 
iod Weight 0.79 1.11 1.71 , 9.64 6.71 641 
Blade kier8a at Ryy 0.5L 6498.00 394E+05 

, 
3.94E+05 

[6,21 

145E. 06 224.06 634E+06 
Check tx" rod 1.138.06 6.25605 6.25E. 06 1.936.406 4.328.06 1456.06 
Check with 29V Rod/3 3.778.04 1.75E+06 1.756.05 628.06 1.44.06 2828.06 
Hub Dkxneter 1.20 1.75 1.75 230 275 3.17 
Hub Welpht 0.59 1.29 1.29 2_73 429 630 
HubWw1I0 8.49E+01 3.94E+OQý 3.94E+02 6.218.02 

1 
1.45E+03 
_ 

3.24E+03 634E+03 
Number a 11.11 2.00 3.00 2.00 335 3. W1 4.00 6m 
RotorxO01 1.74 217 217 2.54 2.62 3.19 3.92 
Rotor K)1 1.54 1.97 1.97 234 242 2.99 3.72 
Told Raa W 3.14E. Qi 5838.03 399E. 03 7.36E. 08 7.44E f 1.176.04 1.616.04 
Numbw of PONS 134 166 166 196 206 246 302 
Module WNýM 7.40 7.40 740 7.40 7.40 7.40 7AO 
Tofd Module Mass 1.98E+03 3496.. 03 246E+03 4.356.03 4.578.03 7.346.. 03 1.12E. 04 
Shdt Dkmeter 1.20 1.60 1.60 200 2.71) 2.60 3.4 ) 
Shat 1 9M 100 1.40 1.00 1.40 1.40 1.80 220 
Shaft Weight 235E+02 4.40E+02 3.146.02 6.5OE. 03 6.056.05 9.20.02 1.47E. 03 
Rota Outer Weight 244E+03 4 548.03 3.06E. 07 5.586.. 03 5.706.. 03 9.060.00 1.39E. 04 
Rota Outer k»r110 1.65E+03 4.888.03 3.30E+03 8.29E+03 9A'Ea03 2117EýKM 6.07E+04 
Number of Stator Modules 72.00 90.00 90.00 105A0 108.00 13200 162,001 
51011001 1.20 1.60 1.60 20o 2.20 260 414 
Shaft DI 1.18 1.58 1.58 1.96 2.18 2.66 4.12 
Shaft 610.110 9.898.05 3.275.03 2346.09 7.05E+03 6.34E03 1.79H04 7.196.04 
Total weight gwmhatt 3.38E+03 6.27E+01 4.301.09 791803 6.05E+03 1.278.04 1.95E+04 
Told heda 4.04E+04 1.846.06 1.816.06 2926.. 05 6,61E+06 1A8E. 06 294.06 
Per tk4t Rotor 61x8. 213 269 285 262 4.15 4.49 424 
Power lose 209E+06 456E-06 4.566.406 5.33E. 06 7.42E+06 1568.06 141M. 06 
910401 Od.. Ok 066« 1.92 240 240 276 2.51 3.14 4,14 
E- eon Dooh ON 0.06 0.06 0.06 0.04 0.06 
Shur Mar 224.03 4.61E+03 3.26E+03 129E. 03 4468.03 6.696.03 9.066.. 03 
Stator Inertia 1.986.03 4.166.03 4.496.. 03 944809 6.91803 2.116.04 2.775.04 
Per IMI Jta t hed10 0.10 0.15 all 0.20 0.13 0.22 028 
Vbve 2.296.402 1.138.03 1.164.03 1.164-03 6.728-02 1.736.03 1.16.03 
5, we 3244402 1.348.02 1.01E+02 1.5E-02 4.32E+02 2056.02 4341.02 
Zbme 0.75 6.39 6.83 7.53 1.32 8.15 2,67 
Per Unit R«hwnc. OM I 0.02 ON Q03 0.06 0.04 0m 
1. r Und Xd o. 45 064 0.61 Q54 0.68 0.69 0.68 
Per Unit X 0.13 0A2 M77 O. 51 0.64 0.66 0.66 
EnW 2298.02 1.138.00 1.166.03 1.166.. 03 6.726.02 1.73E+09 1.16E. 0 
SydwnVOW" 2406.. 02 1275.03 1.278.03 1.276.. 037 635E402 1.91E+03 1.275.03 
Per üW Emf 150 lm lm lm 1.00 1100 1 
Per unit 9ptem v 1.06 1.13 1.10 1.10 1.11 1.10 1.10 
Mowabls Deflection CDogrem) 3.78 3109 M 271 267 240 1.85 
Active Weight 3.61E403 8518103 4366.. 03 7496.03 8. (21.03 1.296.04 1.986.04 
Slnlct d wet" 210E403 4.236.. 05 3.226.. 03 6.61E+03 4.698.03 8.61E+03 6.91E+03 
Tad W 60t 661E+03 1mEa01 7.686. '03 1. JM04 1.27E#01 2151.04 287E+04 
Cal 6. w /Ka act" md. Vd 3.20 281 281 3.10 3. 3.12 3.12 
Co M Ecu /K0, lmckra mdal. 236 1.4 3.4 1289 1.49 1.60 123 
as cost 1.62E. 04 2116.01 1.661.0/ 3218.04 3.186 01 6.336.04 729404 

Coat ECU/SW 6.98 5366 36.93 64.19 42.40 63.27 48.42 

Figure 3.10: Generator parameter spreadsheet 

3.3 Full Permanent Magnet Generator Model 

Firstly the modelling of the electrical and mechanical behaviour of a conventional syn- 

chronous machine is described. Then the methodology of reducing the conventional model 

to represent a permanent magnet machine is outlined. The derivation of the governing 

equations are presented in Appendix B with the key equations quoted in this section for 

completeness. The effect of connecting a generator to the transmission grid on the governing 
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equations is also discussed. 

3.3.1 Electrical Behaviour - Five Winding Model 

Most synchronous generators consist of a three phase armature winding and a field winding. 
The performance of the machine can be modelled using a phase model but to simulate 

their performance in the time domain the inductance matrix must be updated at each 

time interval as the inductances between the field and armature coils depend on the rotor 

position. In addition the simulation follows the 50 Hz variation in current and voltage 

and therefore requires a small time step. To overcome these problems it is usual practice 

to transform the armature equations into a reference frame, dq0, rotating at synchronous 

speed such that all inductances have constant values and the 50 Hz armature voltages map 

onto d. c. values so allowing larger integration time steps to be taken. A typical reference 
frame with the quadrature axis leading the direct axis is shown in Figure 3.11. 

a 

It 

Figure 3.11: The dqO frame of reference 

With this notation the instantaneous dqO and abc voltages, currents and fluxes are related 
by the following transforms, 

Vd cos B 

Vq =x- sin 6 

v° 

cos(O - 120) cos(O - 240) 11 Va 

- sin(O - 120) - sin(O - 240) IX Vb 

V2- N/2- 

(3.13) 
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with inverse, 

Va cos 0 

Vb = 
43x 

cos(O - 120) 

v, cos(B - 240) 

- sin 0 

- sin(O - 120) 

- sin(O - 240) 

1 Vd 

1X Vq 
vr2 
N VO 

(3.14) 

To model the machine the three armature phase coils map onto two coils one on the direct 

axis and the other on the quadrature axis. The field winding is also represented as a further 

coil on the direct axis. It is also normal practice to assume two further coils, one on each 

axis, to represent the effect of the currents in the damper winding as well as minor effects 

such as eddy currents induced in the pole face and slot wedge region during fault conditions, 

i. e. to simulate the effect of machine damping. The full five winding model is shown in 

Figure 3.12. Each coil is both inductive and resistive as per the governing equations in 

Appendix B. 

"q 

4 

Figure 3.12: The five winding model 

The 3 factor in the transformations relating the dqO axis to the abc phase voltages, 

equations (3.13) and (3.14), is necessary to ensure that the m. m. f. 's of the three phase 

winding and two phase winding systems are equal in magnitude. The same factor is used in 

the current transformations and ensures there is power invariance between the two systems 
[85]. 
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3.3.2 Conversion to modelling the Permanent Magnet Generator 

The permanent magnet machine has a high number of poles and as such has a small pole 

pitch. Such a small pole pitch precludes the use of conventional damper windings as de- 

scribed in section 3.1. Eliminating the damper windings reduces the electrical model to a 

more simple three winding model. As there is permanent magnet excitation the field wind- 
ing can be replaced by a constant fictitious current source [86] [87]. This constant current 

source models the fact that the flux generated by the permanent magnets is constant. The 

new model representing the permanent magnet machine can be seen in Figure 3.13. 

11 

Vq 

d 

Vd 

Figure 3.13: The three winding model 

Furthermore as there are no damper windings present and it is a multi-pole, permanent 

magnet, synchronous generator, the effects of the damper and field windings on the d- 

and q-axis reactance need to be reconsidered. Modelling and measurement of a test rig 

at UMIST [88] has shown that there will be no alteration to the values of Xd and Xq 

under transient conditions and therefore a simple model with no change in Xd or XQ can be 

derived. This has implications in terms of the peak fault current that is likely to flow if there 

is a3 phase short circuit at the generator terminals. As the sub-transient and synchronous 

reactance are the same the fault current will be far smaller than the current produced by 

an equivalent conventional generator with damper windings. In fact studies show that the 

peak current for this kind of multi-pole permanent magnet synchronous generator is only 

about 2 to 3 times rated value. This is a further benefit of removing the damper windings. 
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3.3.3 Synchronous generator connected to an infinite bus system 

Typically when a conventional synchronous generator is modelled for connection to an 

infinite bus the terminal voltage is used as reference and then the load angle of the generator 

is defined as the angle between the excitation voltage, E, and the terminal voltage. When 

system effects are considered a further angle must be defined known as the power angle, 

ö, which takes into account the impedance of the transmission link. This angle is usually 

defined as the angle between the infinite bus voltage, Vb, and the excitation voltage [89]. 

Now if, instead of using the load angle and then converting to a power angle to simulate such 

a generator, the power angle is defined as the angle between the infinite bus voltage phasor 

and the excitation voltage phasor no angle conversion is required. However the generator 

reactances and resistances must be corrected to include the impedance of the transmission 

line so that the generator has the correct performance. This is the approach used in this 

thesis. 

If a stroboscope at mains frequency is used to illuminate a line marked on the end of the 

shaft of such a generator, the angle the line would move through from the no load condition 

until stability is lost is 90 degrees. This spatial angle, ar, relative to the synchronous rotating 

reference frame has a one to one mapping to the power angle of the generator. The rotor 

angle, ö, has now been made equivalent to the power angle of the generator. 

However there is one further stage to the definition of the system connection. For a com- 

pliantly mounted generator there is another angle to consider and this is due to rotation of 

the stator, 6,. This angle is defined in Figure 3.14 relative to the rotating reference frame. 

Clearly an increase in 6, for a fixed ör will reduce the power angle, b, of the generator. This 

is the mechanism whereby the stator motion interacts with the electrical response of the 

generator. Extracting energy from that motion leads to damping of the generator's electri- 

cal response. This approach to modelling angle interactions within synchronous generators 

is akin to that used in multi-machine studies. A rotating reference frame is typically defined 

and then all generator rotor angles are determined relative to it. If on an isolated system 

all the generators increased in speed together, they may have rotor angles in excess of 360 

degrees. The dependence on absolute rotor angle as a measure of stability when compared 

with the rotating reference frame is lost. It is the relative angle between the generators 

that is now important, just as it is the relative angle between the stator and rotor that 
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determines the power angle of a compliantly mounted synchronous generator. All angles 

are given in electrical radians. Electrical radians are converted to mechanical radians by 

dividing by the number of pole pairs. 

Ref 

Stator 

compliant 
mounting 

Figure 3.14: Definition of angles 

Figure 3.15 shows the generator connected via a transformer to the infinite bus. The phasor 
diagram representing the above system can be seen in Figure 3.16. The value for the total d- 

and q-axis resistance and reactance to the grid is the sum of the winding, the transformer 

and the transmission line resistance and reactance and the angle, 6, is the power angle of 

the generator. 

Torque 
Arl, 

Time 

Figure 3.15: The system configuration 
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d-axis 

Iq E 

q-axis 
Vb 

Id ------- la RIa 

XdId 

Figure 3.16: The phasor diagram of the system 

XqIq 

3.3.4 Development of the simulation model of the permanent magnet 

generator 

Now that the three winding model has been introduced and the system configuration of the 

multi-pole permanent magnet synchronous generator has been outlined it is necessary to 

present the key equations for the generator model. A full derivation of these equations is 

included in Appendix B. 

Rotor Movement. For the case of a rotor with a fixed stator the following non-linear 

second order differential equation holds. 

d2ö wo 
w= dt2 = 2H 

(Tm - Tag - Kdö) (3.15) 
r 

where Kd is a damping term corresponding to friction in the bearings and the like and 

is usually neglected. Tay is given by equation B. 49 in Appendix B and rm is the input 

mechanical torque from the turbine. 

Rotor and Stator Movement. For a machine with the stator allowed some degree 

of freedom of movement and connected to the frame via some suitable spring and damper 

system then both the rotor and stator inertias must be considered. Several sets of equations 

can be derived to describe such a system mathematically. The most useful for the purposes 

of linking the generator model to the dynamic wind turbine model is one which has rotor 

speed, 4, as a state variable. This leads to a linked set of two differential equations, 
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d2Ör w° 
dtz _ 2H 

(Tm - Tay) (3.16) 
r 

d26' WO (ra - cda' - k53) (3.17) 
dt2 2H, 9 dt 

where c is the per unit damping coefficient and k is the per unit spring stiffness of the 

compliant mounting. The generator power angle, b, is now given by, 

s_ar - a, (3.18) 

This equation relating the power angle to the rotor and stator angle is very important as 

it can be used to rearrange equation 3.16 to be in terms of the power angle instead of 

rotor angle. This is useful in the linearisation process and is discussed in greater detail in 

section 3.4.2. 

ELECTRICAL BEHAVIOUR. The equations of motion for the stator and the rotor are 

linked to the electrical behaviour through the electromagnetic torque. The electromagnetic 

torque is dependent on the value of the instantaneous currents, id and iq. The two first 

order differential equations that govern id and iQ can be derived from the voltage equations 

as, 

Pid = 
woraid 

_ 
cXdid + woV3-Vb sin ö 

(3.19) 
Xd Xd Xd 

piq 
worýaig + w(wok0f) + wXdid 

- 
wo/Vb cos ö 

(3.20) 
Xq Xq Xq Xq 

The resulting airgap electromagnetic torque is then given by, 

1 
Tag =3 ((wokji)ie + idiq(Xd - Xq)) (3.21) 

3.4 Methods of Analysis 

There are two complimentary types of analysis used: Non-linear simulation and linearisa- 

tion. The two methods will be described here and over the next two chapters will be applied 
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to develop models for the permanent magnet generator. 

3.4.1 Non-Linear Simulation 

The non-linear model of the generator can now be interfaced with the wind turbine model 
developed in Chapter 2 to produce a full non-linear model of the wind turbine generator 

system, as shown in Figure 2.33. The first interface variable between the two models is the 

driving torque, r,,,,, at the shaft of the wind turbine. This is calculated at every time interval 

by dividing the power harnessed from the wind, from equation 2.8, by the rotor speed of 

the generator, the second interface variable. The final interface variable is the measured 

output power of the generator which, in the per unit system defined in Appendix B, is the 

same as rag minus the losses due to the armature resistance of the generator. This is used 

as the input for the pitch controller. 

Non-linear simulation of the generator involves converting the two second order differential 

equations representing the rotor and stator movement, equations 3.16 and 3.17 respectively, 

into a set of four first order differential equations. This set of equations is linked via the 

expression for the electromagnetic torque, equation 3.21, which is based on an algebraic 

expression including the differential equations governing the d- and q-axis currents, equa- 

tions 3.19 and 3.20 respectively. These are solved using a standard Runge-Kutta integration 

technique within SIMULINK. A schematic of such a simulation can be seen in Figure 3.17. 

The `rotor' equation is equation 3.16 and the `stator' equation is equation 3.17. Both equa- 

tions can be integrated twice as they are second order. rag is calculated at each time step 

from the evaluation of equation 3.21 which uses values returned from the integration of 

equations 3.19 and 3.20 representing the d- and q-axis currents. This is a sixth order 

model as there are six first order differential equations. When the generator is considered 

in isolation to the wind turbine the driving torquer,.,, can be set to give any required input 

torque disturbance, e. g. a step increase. 

STATE VARIABLES. As the permanent magnet, synchronous generator is represented 

by six first order differential equations six state variables can be chosen which uniquely 

define the operation of the generator. The rotor angle is chosen to be the state variable in 

preference to the power angle for ease of interfacing the resulting rotor speed with the wind 

turbine model. These state variables are chosen to be, 
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Figure 3.17: A schematic representation of full non-linear simulation 

Xi = id (3.22) 

xz = iq (3.23) 

X3 = (3.24) 

X4 = br (3.25) 

x5 = (3.26) 

x6 = bs (3.27) 

INITIAL OPERATING POINT. Before starting a simulation run it is necessary to 

evaluate the initial conditions of the generator. The initial values of the state variables for 

the simulation are found from an analysis of the steady state conditions. At steady state 

the input mechanical power to the generator must equal the power supplied to the infinite 

bus, assuming no transmission or stray losses. An initial estimate of the power angle can 

be found by rearranging the expression for the power supplied to the infinite bus which, for 

this system, is, 
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p= 
EVb sin ö (3.28) 

Xd 

By resolving the phasor diagram of the system in the d- and q-axes, expressions governing 

the initial values for the currents Id and I. can then be calculated using this approximation 
for ö. As a quasi-static initial condition is assumed and, knowing the transformation between 

the phase values and the d, q-axis currents, expressions for the initial instantaneous currents 

can be found, 

/-ý/- 
(EX VbX cosco - VbrasinSo 

x1o = tdo = -Y 
r3-Ido 

= -V ýQ XdXq + rä 
(3.29) 

X2o = =qo = 1/3-Iqo = Vý3 
XdVbsinöo + raE 

2Vbracosöo 
(3.30) 

XdXq+ra 

These two equations are derived in Appendix B. This method gives a slight imbalance 

between the mechanical driving torque and the electromagnetic torque which can be calcu- 

lated by substituting the initial values for iq and id into the torque equation, equation 3.18. 

Therefore an iterative approach is used to alter the calculated value of power angle, ö, to 

improve the power imbalance until after a few iterations a balanced set of initial conditions 

is reached. 

The initial stator angle is then found from equation 3.17 by setting ö, = i, = 0. The initial 

rotor angle, ör, is then found from equation 3.18. In summary the other initial values for 

the state variables are found from: 

x4o = x6o =0 (3.31) 

X50 = 
'rag 
k 

(3.32) 

X30 = bo + X50 (3.33) 

SIMULATION PROCEDURE. Once the initial conditions have been set the solution 

for the disturbance caused by the input torque function is found for the required duration 

of simulation. At each time step the differential equations for the rotor, stator and the B- 

and q-axis currents are integrated before evaluating the expression for the electromagnetic 
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torque. 

3.4.2 The theory behind linearisation 

Synchronous machines are non-linear devices due to the form of the output power equation 

and the effect of magnetic saturation. Therefore, in order to study problems associated with 
dynamic stability, a model of the generator linearised about some operating point is gener- 

ally used. Analysis of the linearised equations of such a generator connected to a infinite 

bus reveals the natural frequencies and degree of damping of the modes of oscillation of the 

system [90]. The equations of the compliantly mounted, permanent magnet, synchronous 

generator can also be linearised similarly. It is important to note that the state variables 

defined in equations 3.22 to 3.27 are altered for this linearisation so that X3 is now the power 

angle, b, and x4, is now ö. Analysis of these linearised equations to find the frequencies and 

corresponding level of damping as various design parameters are altered allows the perfor- 

mance of a compliantly mounted generator to be evaluated. The performance predicted by 

analysis of the linearised model is then compared against the full non-linear simulation to 

see how the design actually performs. This is outlined in detail in the next section. 

To examine the behaviour of the system when it is perturbed such that the new and old 

equilibrium states are nearly equal, the system equations are linearised about the quiescent 

operating point, i. e. first order approximations are made for the system equations. The 

new linear equations are assumed to be valid near to the quiescent operating point. 

The dynamic response of a linear system is determined by its characteristic equation. Both 

the forced response and the free response are decided by the roots of this equation. From a 

point of view of stability the free response gives the needed information. If it is stable any 
bounded input will give a bounded and therefore stable output. 

The synchronous machine model developed earlier in the chapter has two types of nonlin- 

earities: product nonlinearities and trigonometric functions. The first order approximations 

that hold for these are outlined Appendix C. The linearised state space equations can be 

formulated into the expression, 

xA = A(xo)xo + B(xo)u (3.34) 
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where A(xo) is the plant matrix and B(xo) is the driving matrix. 

LINEARISATION PROCEDURE. The elements of the plant matrix, A, depend upon 

the initial conditions of the state vector x0. The dynamic properties of the system are 

then determined from the nature of the eigenvalues of the plant matrix using the Control 

Systems Toolbox [91]. 

3.5 Preliminary results for the 455 kW rated generator 

The eigenvalues of the plant matrix, from equation C. 27, determine the natural frequencies 

and associated damping ratios of the response of the compliantly mounted generator con- 

nected to the infinite bus following disturbances, such as a change in input torque. They 

can therefore be used for preliminary design of the compliant mounting. The performance 

predicted for all designs by linearisation is then checked against the performance from the 

full non-linear simulation. The eigenvalues can be negative real, positive real ( indicating 

an unstable system) or in complex conjugate pairs; in the latter case the imaginary part 

corresponds to the damped frequency of oscillation and the real part the rate of decay (if 

negative). Six eigenvalues exist for the matrix [A] as it is a sixth order model and these 

split into three conjugate pairs. The full explanation of the physical meaning of these three 

conjugate pairs is given in section 4.1.2., but the following results for the 455 kW rated 

generator are included to introduce both the concept of relating the position of the eigen- 

value to the full non-linear simulation and the basic operation of the compliant mounting. 
The three pairs of eigenvalues occupy different loci on the imaginary plane as the gener- 

ator parameters vary and are therefore described as the high, middle and low frequency 

eigenvalues due to their relative position. The high frequency pair of eigenvalues is related 

to the movement of the stator and the low frequency pair to the movement of the rotor. 
The middle frequency pair of eigenvalues, with a natural frequency dose to 50 Hz, relate 

to the stator transformer voltages. This pair of eigenvalues disappear if these voltages are 

neglected in equation B. 31 and B. 32. 

a 

101 



3.5 Preliminary results for the 455 kW rated generator 

3.5.1 Eigenvalues 

The position of eigenvalues in the complex plane determines the physical behaviour of the 

systems they represent. Eigenvalue pairs are typically complex conjugates and therefore 

only the positive eigenvalue is shown with the negative eigenvalue exhibiting mirror image 

behaviour but with a negative imaginary part. Figure 3.18 shows the relationship between 

the position of an eigenvalue and the corresponding damped frequency of oscillation, wd, 

and damping ratio, S, associated with it. 

Imag Axis 

Cos 
eal Axis 

Figure 3.18: Eigenvalues 

3.5.2 Stator results 

The variation of the positive high frequency eigenvalue and the corresponding time re- 

sponse for the stator for different values of per unit spring stiffness, k, as per unit damping 

coefficient, c, varies can be seen in Figure 3.19 and Figure 3.20 respectively. 

Several key points need to be raised from analysing these plots. Firstly the eigenvalues lie in 

the left half of the complex plane indicating stable response. For a stiff stator, k= 10, the 

stator movement is restricted and with low damping coefficient, c=0.0187, the position of 

the eigenvalue would be very close to the imaginary axis which corresponds to low damping 

ratio. As the damping is increased a point is reached at which the eigenvalue moves onto the 

real axis and the damped oscillations of the stator are removed from the system as it is now 
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Figure 3.19: The Variation of the High Frequency Eigenvaiue as stiffness and damping are 
varied 
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Figure 3.20: The Time Response for the Stator angle for a1p. u. step change in input 

torque 
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critically damped. As damping is further increased the position of the eigenvalue remains on 

the real axis but moves further and further away from the imaginary axis. Clearly there is 

a wide range of possible responses of the stator depending on the position of the eigenvalue. 

3.5.3 Rotor results 

A similar argument holds for the transient behaviour of the rotor. However when designing 

the compliant mounting, it is more useful to determine the effect of varying the parameters 

of the compliant mounting on the performance of the generator power angle as opposed 

to that of the rotor because the power angle defines the power out of the generator. The 

relation between the rotor angle and the generator power angle is defined in equation 3.18 

and dearly involves the stator angle. The variation of the low positive frequency eigenvalue 

and the corresponding time response for the generator power angle for different values of 

per unit spring stiffness, k, as per unit damping coefficient, c, varies can be seen in Figure 

3.21 and Figure 3.22 respectively. The two dashed lines on Figure 3.21 show the required 

position of the eigenvalue with a damping ratio, C, of 0.5 and 0.7 respectively. 

; -0.5 12.00 

8.00 

to 4.00A 

Real Axis 

0.05 
-110.00 
0.00 

Figure 3.21: The Variation of the Low Frequency Eigenvalue as stiffness and damping are 
varied 

The case with k= 10, c=0.145 corresponds to a stiff stator which allows little stator 

movement and hence little damping of the power angle oscillations. In this case the rotor 

angle and power angle are virtually the same as the stator angle is very small. Reducing the 
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Time (seconds) 

Figure 3.22: The time response for the generator power angle, ö, for a1p. u. step change 
in input torque 

spring stiffness allows relative stator movement and damping of the power angle oscillations 

with values of k=0.5 and c=0.145 giving good transient performance. This response 

has a damping ratio, C, of 0.6 and the position of the corresponding positive eigenvalue 

of the power angle is shown by 0 on Figure 3.21. This value of damping ratio is better 

than that of a conventional generator, which typically have a damping ratio of 0.16 at no 

load approaching 0.2 at full load. The corresponding position of the positive eigenvalue for 

the stator angle is also denoted on Figure 3.19 by A. Thus the desired performance of the 

power angle requires an overdamped stator response with sufficient angular movement to 

interact with and extract energy from the power angle oscillations. This is explained in 

greater detail in Chapter 4. 

3.5.4 Axis current results 

The positive middle frequency eigenvalue, corresponding to the stator transformer voltages, 

remains at a position consistent with a 50 Hz variation whatever happens to the parameters 

of the compliant mounting. This variation is shown in Figure 3.23. 
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Figure 3.23: The variation of the middle frequency eigenvalue as stiffness and damping are 
varied 

3.6 Permanent Magnet Model Validation and practical im- 

plementation 

In order to validate the multi-pole, permanent magnet, synchronous generator several ex- 

periments were carried out on a test rig at UMIST. In this section the mechanical and 

electrical configuration of the test rig and the apparatus for measuring and recording data 

is described. The measurement and validation of the test rig parameters is outlined and a 
discussion of the practical implementation presented. The modelling methodology for such 

a test rig is then presented. 

Validation results are presented firstly for a generator rated at 750 and 400 VA, depending 

on the airgap, and secondly for a generator rated at 2.75 kVA. Eigenvalue analysis and full 

non-linear simulation are used to validate the simulation model using both real and per unit 

values for the 750 VA rated rig. The parameters for these generators are presented and the 

results from several runs of synchronising the 400 VA and 2.75 kVA machines to the grid 

are presented for further validation of the full sixth order Simulink model. 

Finally a comparison of the predicted and measured values for a generator with modular 

construction of the stator and rotor is presented to show that the values returned from 

WINDGEN2 are correct and consistent. 
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3.6.1 The Test Rig 

The test rig description will be split into three parts: firstly the overall physical layout of 

the rig is discussed, secondly the measuring devices used on the rig are described and finally 

the electrical circuit will be outlined. 

OVERALL LAYOUT. The overall layout of the rig can be seen in Figure 3.24. The 

D. C. motor supplies the power requirements of the generator. The total power supplied 

to the D. C. motor is given by multiplying the dc supply voltage and armature current 

readings together. The product of the shaft torque and speed is also a measure of the 

power driving the rotor but now losses within the DC motor have been accounted for. The 

torque transducer sits around the shaft and the output from it is linked to the torque/speed 

display device. The generator is mounted on a set of bearings. In between the bearing 

mounting and the torque transducer is the dutch device which is controlled remotely. The 

generator has a 13 pole pair rotor and a fifteen E-core winding stator. The air-gap can be 

adjusted by the introduction of shims under the E-core mounting. The spring and damper 

system consists of a stiff arm connected to the stator with various holes to allow the spring 

to be attached at different radii allowing the effective rotational spring stiffness to be varied. 

The damper originally included for the device was too strong and so has not been used. 

However a hysteresis rubber mounting and an alternative viscous damper have been used 

to provide a reasonable level of damping. 

OUTPUT DEVICES. There are four main output devices: 

1. The FFT analyser: this device is used to generate Bode plots of the system and to 

record system voltage output and the harmonic content. The Bode plots are found 

from putting a random signal through the field circuit of the D. C. motor to generate 
fluctuations in torque. The speed output is measured and a Bode plot of input torque 

to output speed can be derived. The system voltage is measured across the terminals 

and a harmonic analysis is carried out. 

2. The CRT: this device is used to measure the transient response of the inputs to its 

two channels. The current from the Hall effect probe circuit was measured using this 

device for several time responses of the current on synchronisation. The output from 

the position detector was also linked to the CRT to record stator transients after 
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Figure 3.24: Overall Layout of the Test Rig 

synchronisation. These results can be seen in section 3.6.4. 

3. The Torque / Speed Display Device: This display device takes in the output from the 

torque transducer and speed measurement device and displays it in digital format. 

The output can be transferred to the CRT for visual display of transients. 

4. The 3 phase watt meter: This device displays the real and apparent power and r. m. s. 

voltage and current from the generator in a digital format. 

ELECTRICAL CIRCUIT. The electrical circuit of the rig can be seen in Figure 3.25. 

The generated line voltages and voltage from the variac are connected to either side of the 

contactor. When the condition for synchronisation are met the contactor is closed. The 

variac voltage is set to equal the synchronous voltage developed by the machine. 
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CRT 
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Figure 3.25: Electrical Circuit of the system side of the Test Rig 

3.6.2 Parameter measurement for the 750 VA, 400 VA and 2.75 kVA 

generators and DC motor 

The measured parameters for the three generators are given in Table 3.3 and the corre- 

sponding per unit values are given in Table 3.4. The real power rating of each generator is 

assumed to be two thirds of the peak pull out power and is therefore given by, 

Pbaae = 
2EfVb 

Xd 
(3.35) 

The apparent power rating of the generator can be calculated by working out the real and 

reactive power at rated operation and then inserting this value in, 

Sbase = Phase + Qbaae (3.36) 

The base voltage is chosen to be the terminal voltage and all the other per unit values 

can be derived from these two bases. Each generator is slightly different from the others in 

terms of the number of turns per stator E-core, rotor magnetic configuration and airgap but 
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all can be modelled in a very similar manner by the sixth order permanent magnet model 

introduced in section 3.3.4. The reason for the difference in configuration is that several 

designs were tested to find out which was the most effective [88]. 

Terminal voltage, Vt (r. m. s Volts) 82 60 121.2 
Stator inertia, J, (kg/ml) 2.5 2.6 2.5 
Rotor inertia, J,: (kg/m') 0.3 0.3 0.3 
D. C. motor inertia, Jm (kg/ml) 0.7 0.7 0.7 
D. C. motor armature resistance, Rdc (SZ) 1 1 1 
D. C. motor flux constant, K f1vx 1.03 1.03 1.03 
D. C. motor field current, If (Amps) 1.7 1.7 1.7 
D-axis reactance, Xd (1) 21.3 15.4 10.8 
Q/D-axis reactance ratio 1.07 1.07 1.07 
Generator a. c. resistance, R (1k) 2.4 2.4 5 
Rated power, S (VAr) 632 398 2730 
Airgap, mm 1.5 2 1 

Table 3.3: Test rig parameters 

Terminal Voltage, Vt 1 P. U. 1 P. U. 1 P. U. 
Stator Inertia, H. 1.16 p. u. 1.83 p. u. 0.27 
Rotor Inertia (with D. C. motor), H,. 0.46 p. u. 0.73 p. u. 0.11 
D-axis Reactance, Xd 0.67 p. u. 0.67 p. u. 0.67 
Q/D-axis reactance ratio 1.07 1.07 1.07 p. u. 
Generator a. c. resistance, R (cl) 0.08 0.10 0.31 
Rated Power, S 1.0 P. U. 1.0 P. U. 1.0 P. U. 

Table 3.4: Per unit test rig parameters 

The first two columns refer to the same generator with the only difference being the airgap. 

This generator is referred to as the 750 VA testrig due to its rated apparent power at an 

airgap of 1 mm. Clearly as the airgap is increased its apparent power rating will reduce 

but for clarity it is referred to as the same generator with the different airgaps being noted. 

The third column refers to a more powerful generator rated at about 3 kVA with a better 

rotor magnet arrangement. 

3.6.3 Modelling Methodology 

Simulation models for the testrig were developed in both real and per unit values to ensure 

that the sixth order model outlined in section 3.3 is correct. The first approach to modelling 

the testrig situation did not include the dc motor, except as a linked inertia, and the 

results obtained from the simulation were considerably inaccurate. Including a model of 
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the separately excited dc motor into the simulation led to much better correlation and this 

resulted in the SIMULINK models of Figure 3.26 and Figure 3.27 respectively. The dc 

machine introduced a much slower time constant to the rate of change of angular speed 

than was obtained purely by modelling it as an inertial effect. 

Figure 3.26: The DC motor model 

Figure 3.27: The full Simulink model of the testrig 

The DC motor provides the input torque to the block representing rotor movement. The 

three blocks, `deltaR', `Calculate Pem' and `stator', contain the functionality for the sixth 

order generator model. It was necessary in this case to split the functionality into its 

constituent parts to evaluate the generator power angle, ö, for ease of connection to the 

DC motor model which requires the actual shaft speed and not the system frequency as an 

111 

The dc motor drin ft gensralor in nw Set rig 

IM im Or of a DC wov ft"* MýMýP+ýM 0 

ILS 



3.6 Permanent Magnet Model Validation and practical implementation 

input. 

3.6.4 Step Response of the 750 VA testrig 

A comparison has been carried out between the step responses of the 750 VA testrig reported 

in [92] and the response from simulation. Firstly the values for the testrig were found from 

[88] and, then, an eigenvalue analysis carried out to predict what value of spring stiffness, k, 

and damping coefficient, c would give the equivalent second order response shown in Figure 

3.28 which has a peak overshoot of 50 % and therefore a required damping ratio, (, of about 

0.8 (from standard second order dynamic theory). 
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Figure 3.28: Experimental step response of a 750 VA testrig with and without damping 

The eigenvalue analysis can be seen in Figure 3.29 for the testrig. The position correspond- 

ing to a damping ratio of 0.8 at the correct value of spring stiffness, k= 450 N rad-1, is 

marked by A. This gives a damping coefficient of c= 60 N rad-1 s'1. These values are 

converted into per unit values and then used in the full simulation to show that the exper- 

imental results and the simulation are equivalent. The simulated results for the damped 

and undamped step response can be seen in Figure 3.30. A value of c=2N rad-1 s-1 

was used for the undamped performance with the same spring stiffness. This value of c 

represents the small amount of energy dissipation, i. e. damping, in the bearings of the 

stator mounting. Both the damped and undamped response predicted by the simulation 

and measured from the test rig are in good agreement in terms of current magnitude and 

112 



3.6 Permanent Magnet Model Validation and practical implementation 

overall shape. These results show that the full sixth order model is a valid representation of 

the permanent magnet synchronous generator and that the assumptions made in deriving 

the model are fair assumptions to make. 

Variation of'Rotor' elgenvalue for given values of k as c varies 
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Figure 3.29: Eigenvalue analysis of the testrig 
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Figure 3.30: Damped and undamped step response of the 750 VA rated generator 

3.6.5 Synchronisation transients of the 750 VA testrig with a 2mm airgap 

It was also considered appropriate for various measurements of the currents, torques and 

stator movement for the spring mounted stator configuration to attempt some further vali- 

dation of the full sixth order Simulink model against the testrig for synchronisation where 

the initial tid, q terms are important. 
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At the instant of synchronising to the grid there was no measured driving torque applied to 

the generator from the dc motor. The angular speed of the rotor was controlled using the 

D. C. motor controls and was marginally different to synchronous speed. This allowed the 

phasor of the generator open circuit terminal voltage and the infinite bus voltage, in this 

case from a directly connected variac as no transformer existed, to pass one another. The 

contactor was closed when a certain measured phase mismatch occurred and the machine 

synchronised. The initial value for the phase mismatch between the infinite bus and the 

generator terminal voltage was found by using the CRT to display the system voltage and 

the generated terminal voltage and setting the phase counter to the required angle. 

The angle measured is equivalent to the power angle of the generator as no current is flowing 

into the infinite bus. This can be simulated by setting the power angle to the measured 

value, the d- and q-axis currents to zero and letting the simulation settle down to the 

balanced steady state conditions with no power flow from dc motor to the infinite bus. The 

machine for which these results apply was the 750 VA testrig with a 2mm airgap. The 

values of the machine parameters are presented in column 2 of Tables 3.3 and 3.4. 

LOCKED STATOR RESULTS. The stator was effectively locked in position. Therefore 

only torque and current measurements were taken. The torque measurement is quite difficult 

to simulate due to its position in the test rig so only the current transient will be compared 

for this case. Figure 3.31 shows the simulated current transient and the measured current 

in the output of the 3 phase bridge by the Hall effect probe as shown in Figure 3.25 for 

synchronisation from 40 degrees. The current flowing in the three phase bridge can be 

shown to be equivalent to the envelope of the phase currents being measured, i. e. the 

magnitude of the combined d, q- axis currents. The d- and q- axis currents are related 

to the phase currents by the factor 2 and a factor to take into account the action of the 

rectifier. Furthermore there is assumed to be a 1.5 Amps loss in current through the current 

transformers, rectifier and hall probe arrangement [88]. 

There is some degree of correlation between the two traces both in terms of the magnitude 

and the occurrence of the peaks. The peaks of the current are due to the swinging of the 

power angle, ö, as the generator comes into synchronism to the grid. The assumed difference 

in initial speed mismatch, S, corresponds to a difference in speed of about 1 Hz which was 

introduced in the experiment to get the system and generator terminal voltage phasors to 

pass each other at a slow rate. 
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Synchronisation from delta . 40 degrees, delta_dot . -6 rads/s with a locked stator 
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Figure 3.31: Current Transient on synchronisation from b= 40 degrees, ö= 
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Figure 3.32: Simulated current transient for synchronisation from delta = 180 degrees, DC 

motor included 
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Figure 3.33: Measured current transient for synchronisation from delta = 180 degrees, DC 
motor included 

Running this simulation for the case of synchronisation from 180 degrees, the worst possible 

scenario, gives the current transient as seen in Figure 3.32. The measured experimental trace 

can be seen in Figure 3.33. The vertical scale of the measured current transient is 5 Amps 

per division with a time base of 100 ms per division. The first peaks correlate to within 13 

% but subsequently the peaks predicted by the simulation are too large compared with the 

measured values from experiment. However the shape is comparable and the key things to 

note from this simulation are the large currents flowing in each phase of the generator. In 

per unit terms the current is about 8 times the per unit rated value and this could lead to 

damage of the E-core winding insulation. Furthermore it has been shown that such large 

currents would lead to demagnetisation at the tips of the embedded magnet pole pieces [88] 

and a corresponding loss in the performance in terms of a worse voltage profile. Therefore 

it is important not to synchronise the generator 180 degrees out of phase with the grid even 

though in terms of stability the generator can still synchronise with such a severe transient. 

Overall there is an acceptable correlation between the locked stator case and the simulation 

for the first and second peaks. Upto this point in the simulation the generator appears only 

slightly damped as the envelope of the current oscillations would take a long time to die 

away. This decay occurs because of the fringe losses within the generator and energy loss 

due to friction in the bearings. There is sudden change in the measured current after the 

second peak which is most probably due to an effect not modelled by the dc motor driven 

generator model which continues to decay without a sudden cut off. 
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STIFF SPRING RESULTS. The stator movement and transient current traces were 

used for comparison for synchronisation from 40 degrees mismatch and the measured and 

simulated responses can be seen in Figure 3.34. Again a degree of correlation is found 

between the results. The reason for use of the stiffer spring compared to the step response 

shown in Figure 3.30 is the linear distance of the spring from the rotor shaft. The spring was 

mounted closer to the rotor shaft and therefore had a larger effective rotational stiffness. 

Rectified three phase currents after synchronisation with It . 700, c-2.750 VA testrig with 2 mm airgap 
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Figure 3.34: Simulated current and stator transient for synchronisation from delta = 40 
degrees, DC motor included 

The magnitude of both the current and stator movement traces for the measured and 

simulated responses are in only rough agreement as there are a few discrepancies in terms 

of their phase and shape. The most likely reason for this discrepancy is the introduction 

of the position transducer which, although it should not affect the results, does in fact 

introduce some non-linear damping due to the misalignment of the transducer itself. This 

was only noted after the experiments had been carried out [88] and the correlation obtained 

was considered adequate. 

3.6.6 Synchronisation of the 2.75 kW generator 

Further validation was attempted on a new test rig at UMIST rated at 2.75 kW with the 

values as given in column 3 of Tables 3.3 and 3.4. The aim was to measure the phase currents 

on synchronisation as the current envelope results were considered not to be representative 

of the true current transient effects. The rotor configuration and the amount of magnetic 
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material in the rig had changed but it was still a 13 pole pair generator. Taking some 

measurements from the larger rig also provided an opportunity to verify the full sixth order 

simulation model at a different power level. The measured and simulated phase currents 

can be seen in Figure 3.35 for a 40 degree mismatch with the stator locked into position. 
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15 .. ......:.... ............ ......... . .... ............. ....... ....... .... ................. 

10 . ........... .....:.. n. ...:........ : A.......:.. ....... 
i........ 

11 
1 1 

Q 
11/ ;1{ tl /1 

11 1 1111 

111 I' I A11: I11 

m 1: 

.. .... 1.:...... 1 

1 ;; 1: I 

.. _... 
1 

... A. ..... 

1: 1 1. 
I.... 

1: 

.. )....... 1 1: 14 1' 1 
1 

1 ý ý1 II' ,1 
. 

ý 
` 

/ C 

. 16 . ........ ............ _ Meäeured aim rit 
A 

_ 
SpT Mad axreM 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.18 0.18 0.2 
Tkm. (Seconds) 

Figure 3.35: Simulated and measured current transients for synchronisation from delta = 
40 degrees, DC motor included 

The magnitudes of the two currents are very similar but the actual shape and the frequency 

spectrum present in the measured current trace is different from that of the simulated 

trace. This does not mean that the sixth order model is incorrect but at the timescale of 

0.2 seconds there are many different effects that could be happening which such a model 

would not begin to pick up - such as the impact of torsional modes of vibration, changes 

of the conditions at the bus which is unlikely to be considered infinite and the effects of 
harmonics within the generator. Unless a very detailed set of experiments were carried 

out this kind of validation would be difficult and the initial premise that measuring phase 

currents would be better as a validation method proved false. However the fact that the 

magnitudes are similar is considered to be sufficient for the simulation modelling over the 

timescales upto 100 seconds. 

3.6.7 Parameter validation for a modular constructed generator 

Parameter validation is also necessary for the generator with both a modular rotor and 

stator. This was carried out by Spooner on a 26 pole testrig at UMIST. The measured and 
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predicted values from WVMAG, the magnetic circuit analysis part of WINDGEN2 which 

was introduced earlier in the chapter, can be seen in Table 3.5 for the terminal voltage and 
inductance with the respective error. 

Measured Simulated Percentage Error 
R. M. S terminal Voltage Q 50 Hz, Vt 24 Volts 24.9 Volts 3.75 % 
Inductance 8.9 - 9.6 mH 8.3 mH 7.2 - 15.7 % 

Table 3.5: Parameter validation 

3.6.8 Final comments on validation results 

The simulation model of the testrig has been validated provided the effect of the DC motor is 

included. Discrepancies do arise and these are probably due to causes made more significant 
by the small size of the test rig, end effects and space harmonics [88) and the timescales 

involved. Therefore the validation presented in this section is considered adequate to instill 

confidence in the results from the sixth order model of a permanent magnet, synchronous 

generator. 

3.7 Conclusions 

This chapter has discussed the concept of a multi-pole, permanent magnet, synchronous 

generator which would be suitable for direct connection to the low speed rotor of a wind 

turbine and thus eliminate the need for the usual speed increasing gearbox. The derivation 

of the parameters for both the wind turbine and the generator was outlined and the math- 

ematical modelling and validation of a sixth order simulation model of such a permanent 

magnet generator presented. The sixth order model has been validated against several rat- 
ings of test rig with reasonable correlation. The full model of a three blade wind turbine 

driving a multi-pole, permanent magnet, generator has now been developed and the oper- 

ation of such a generator both in terms of the internal dynamic interactions between the 

rotor and stator and also in the windy environment will be presented in the next chapter. 
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Chapter 4 

Performance of the Fixed Speed 

Permanent Magnet Generator 

T 
he purpose of this chapter is to discuss the performance of the multi-pole, permanent 

magnet, synchronous generator with a compliant stator mounting for a range of wind 

turbine ratings from 200 kW to 1.5 MW. The basic parameters of the generators are outlined 

and the permanent magnet synchronous generator model, developed in the last chapter, is 

used to investigate the general behaviour of the compliant mounting for a 455 kW rated 

generator. An eigenvalue technique is used to quantify the generator damping in conjunction 

with full non-linear simulation to investigate the actual response of the generator. The main 

aim of the first part of the chapter is to show that the response of the generator is dependent 

on tuning the characteristics of the compliant mounting to the conditions under which it is 

operating. 

The second part of the chapter considers operational aspects of the generator. Firstly 

boundaries for successful synchronisation have been developed which show that the turbine 

is robust to a wide range of conditions of mismatch between the generator and the grid. The 

response of the wind turbine to simulated wind data, above and below rated windspeed, is 

presented to show that the compliant mounting operates as expected and to demonstrate 

the effectiveness of a well designed pitch controller as outlined in Chapter 2. The argument 

presented in the first part of this chapter to select suitable values for the compliant mounting 

considers only step responses to the system and the results are analysed to see whether the 
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good performance to a step input is repeated in response to the stochastic wind input. 

4.1 Basic performance of a 455 kW generator 

This section outlines some key results for the 455 kW multi-pole, permanent magnet syn- 

chronous generator, the main parameters of which are given in Table 3.2. The inertia of 
the rotor is much larger than that of the stator as it includes both the inertia of the gen- 

erator rotor and the inertia of the turbine blades. The impedance of the grid and the unit 
transformer are included in the value of Xd and Xy. The r. ms. base values in the per unit 

normalisation are also included in Table 3.2. 

4.1.1 Method of attack 

The operation of the generator can be understood by using linearisation to identify the 

generator's modes of oscillation and full non-linear simulation to confirm the predicted 

performance. Both these methods have already been introduced in Chapter 3 and it is now 

necessary to extend the preliminary results presented therein. 

4.1.2 The General Behaviour of the Compliant Mounting 

Six eigenvalues exist for the matrix [A] from section C. 2, which represents the interaction 

between the state variables, and these split into two conjugate pairs representing the rotor 

and stator movement and two eigenvalues representing the d- and q-axis currents. The 

two conjugate pairs are referred to as the high frequency and the low frequency eigenvalues 
due to their relative positions in the complex plane. Each pair of eigenvalues relates to the 

physical system and the behaviour of the generator to small disturbances can be represented 
by the equivalent mass, spring and damper system shown in Figure 4.1. 

In the figure Hr and H. represent the rotor and stator inertias respectively whilst c and k 

are the damping coefficient and equivalent spring stiffness of the compliant stator mounting. 
The synchronising power coefficient, ky,,, is given by, 
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and represents the electromagnetic spring tying the rotor and the stator together. For the 

455 kW generator at no load the synchronising power coefficient, k, yn, is equal to 1.84 per 

unit. This mass, spring and damper system has three possible oscillation modes and these 

are also shown in Figure 4.1. In mode 1 the rotor and stator try to oscillate together against 

the anchor point with an undamped natural frequency of, 

wok 
V 

2(Hr + Hs) wln "N (4.2) 

If k<k, y� and the damping coefficient is not excessive then this oscillation mode will 

predominate. This is the mode to be encouraged as any torque disturbance on the rotor 

would cause the rotor and stator to oscillate with the damping coefficient, c, determining 

the damped behaviour. 

However if k>k, y,,, or the damping coefficient is large, then the stator movement is re- 
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Figure 4.1: Mass, spring and damper representation of the generator 
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stricted and mode 2 would tend to dominate. In this mode the rotor is effectively oscillating 

against the system with the stator movement being negligible. There is very little damping 

of the rotor oscillations and consequently this mode of oscillation must be avoided if at all 

possible. It is interesting to note that this oscillation mode would normally be damped by 

the action of damper windings, these damper windings effectively introducing a "damper" 

between H,. and H,. The undamped natural frequency of this mode of oscillation is given 

by, 

wka yn W 2n 
. 

(4.3) 

In mode 3 the stator oscillates but with the rotor tending to remain stationary. This 

high frequency oscillation is quickly damped by the damping coefficient. The undamped 
frequency of this mode of oscillation is given by, 

F. 
Wan~ (4.4) 

Two of these three oscillation modes will always be present in the response of the generator. 

Figure 4.2 (a to d) shows the variation of the eigenvalues of the system for different values of 

spring stiffness, k, and damping coefficient, c, for both the no load and rated load condition. 

Figure 4.2 (a and c) predict mode 3 to be always present in the response whilst Figure 

4.2 (b and d) shows that the value of the spring stiffness and the stator damping coefficient 
determines whether mode 1 or mode 2 will be dominant. With the generator on no load, 

a spring stiffness of k=10 p. u. and a damping coefficient of zero the natural frequency of 

mode 3 calculated from equation 11 is 113 rads/s and this compares well with the 111.8 

rads/s obtained from the eigenvalue analysis of Figure 4.2 (a). Mode 3 oscillations are 

quickly damped such that for a stiffness of 1 p. u. and a damping coefficient of 0.10 p. u. 

critical damping is obtained. 

The presence of mode 1 and 2 is more complicated and depends on the stator stiffness and 

damping coefficient. For k<0.2 p. u., which is much less than k, y,,, mode 1 will dominate. 

Figure 4.2 (b) illustrates this and shows that as the damping coefficient, c, is increased 

the damping of the oscillations increases with critical damping being obtained when the 

eigenvalue of this mode just becomes real and negative. For values of k>k, y,,, e. g. k 
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Figure 4.2: The variation of the low and high frequency eigenvalues as stiffness and damping 

are varied for both the no load and the full load operating condition 

= 10 p. u., then mode 2 dominates and no matter what the value of c very little damping 

of the rotor oscillations is possible as there is now little stator movement. For the range 

0.5 >k>0.2 p. u. the mode predominating depends on the damping coefficient. With no 
damping, the oscillation mode is predominantly mode 1 and as c is increased damping of 

the rotor is initially achieved. As c is increased further, the eigenvalue locus curves back 

towards the imaginary axis, stator movement is restricted and mode 2 starts to dominate. 

Eventually the oscillation is totally that of mode 2 with no damping of the rotor oscillations 

even though the damping coefficient is very large. As the aim of the compliant mounting 
design is to damp the rotor oscillations it is vital that the design does not have a dominant 

mode 2 type oscillation. 
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4.1.3 The choice of design values for k and c 

The choice of spring stiffness, k, and damping coefficient, c, affects the response of the 

system. It is necessary to chose appropriate values so that the generator power angle, ö, 

is suitably damped for a wide range of loading conditions. The first limit on the choice of 

design values for the compliant mounting is on the spring stiffness. Manufacturing studies 

of suitable spring assemblies suggest that a maximum allowable movement of the stator 

is about ±3 mechanical degrees at a 1.25 meter radius, i. e. at a radius just greater than 

the outer edge of the stator. The second consideration is on the choice of the damping 

coefficient, c, as this alters the damping ratio, C, of the generator power angle. Critical 

damping can result in severe mechanical loading and a more flexible system is preferred 

with a damping ratio of between 0.5 and 0.7. 

Power angle and stator angle time response results from the full non-linear simulation can 

be used to corroborate the oscillation mode argument presented earlier and to find values 

for the compliant mounting that satisfy the design constraints. Several such time responses 
for different values of k and c are shown in Figure 4.3 (a and b) for a large step change in 

input torque of 1 per unit. 
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Figure 4.3: The time response for the generator power angle and stator angle for a1p. u. 
step change in input torque with the generator initially at no load 

The case with k= 10 p. u. corresponds to mode 2 oscillation and hence little damping of 

power angle oscillations. With a value of k=0.3 p. u. and c=0.145 p. u. the stator movement 

and the power angle oscillations are nicely damped but the actual stator movement is 

perhaps a little too large to accommodate above rated torque operation. It is therefore 

necessary to increase the stiffness of the stator mounting slightly to allow for above rated 
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4.1 Basic performance of a 455 kW generator 

torque operation whilst remaining within the 3 degrees limit. With this limitation a spring 

stiffness in the range 0.5 >k>0.2 p. u. is desirable. With k=0.5 p. u. and c=0.145 p. u. 

acceptable damping of power angle oscillations is retained whilst stator deflection is limited 

to under 2 mechanical degrees. 

It is important that the design of the compliant mounting is non-sensitive to both load 

changes and changes in the damper parameters which will occur due to wear and variations 

in the operating temperature. With a spring stiffness of 0.5 p. u. the damping coefficient for 

a damping ratio of C=0.61 at no load is 0.145 per units. The position of the corresponding 

eigenvalues are marked on Figure 4.2. Lines corresponding to a constant damping ratio 

of 0.5 and 0.7 are also shown on Figure 4.2. Because of its low synchronous reactance 

the permanent magnet generator exhibits a stiff connection to the power system with the 

result that the variation in power angle between no load and rated is about 27.8 electrical 

degrees. With a constant stator stiffness and damping coefficient this limits the variation 

of the natural frequency of the eigenvalues to about 0.5% and the damping ratio to about 

3% in the critical region of interest. Indeed as the load changes the value of damping ratio 

of 0.61 at no load degrades to only 0.59 at full load 

In designing the compliant mounting it is necessary to ensure that the low frequency eigen- 

value corresponds to mode 1 operation. So as to keep the sensitivity of the system to 

parameter and load changes as low as possible an operating point that lies on the eigen- 

value locus before it curves back on itself towards the y-axis and mode 2 operation is to be 

preferred. Ideally a locus which bends to intersect the x-axis will have a greater range over 

which increasing the damping coefficient has a beneficial effect. Unfortunately in this 455 

kW design this criterion leads to an optimum spring stiffness of about 0.25 per unit which 

is slightly too soft for the allowed stator movement. 

The limits placed upon the spring stiffness to ensure mode 1 operation has implications 

for the design of the generator itself. As there is a limit placed on the extension of the 

spring due to manufacturing constraints of the mounting it is necessary to limit the spring 

stiffness to a reasonably large value. For mode 1 operation k should be much less than k, 11,,. 
However as k, y,, is inversely proportional to Xd the limit on stator movement imposes a limit 

on synchronous reactance and hence the generator electrical design. This may become of 

particular importance in the larger generators as the allowable spring deflection is restricted 

more with the torque rating of the generator. 
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4.2 Design Constraints with parameter variation 

This section has demonstrated the use of a compliant mounting as a means of providing 
damping to a permanent magnet synchronous generator. A generator performs better with 

compliant mountings than with conventional damper windings, provided the characteristics 

of the compliant mounting are tuned to the main parameters of the generator. A single 

value of spring stiffness and damping coefficient, correctly chosen, will result in a generator 

with good dynamic performance over a wide range of operating conditions. 

In selecting the damping coefficient and stiffness of the compliant mounting it is vital to 

ensure mode 1 operation ( where the rotor and stator oscillate together against the power 

system with an undamped natural frequency of oscillation dependent on the stiffness of the 

stator compliant mounting ). For this 455 kW generator the stator spring stiffness should 

lie in the range 0.5 p. u. >k>0.2 p. u. and the damping coefficient 0.145 >c>0.153 p. u. 

so as to give a damping ratio of about (=0.6. 

4.2 Design Constraints with parameter variation 

There are only four parameters that can really be varied in an attempt to design the 

compliant mounting to suit the permanent magnet synchronous generator because the rest 

are dependent on the wind turbine design, for instance H,., or have little effect, for instance 

R. The parameters for a range of generator ratings are now presented and their performance 

discussed. 

4.2.1 Variation with generator ratings 

It is now appropriate to consider the change in Xd and X. as the generator ratings vary for 

units which are considered to be well designed in light of the arguments presented in the 

previous sections. The key parameters for a range of generator ratings typically found in 

wind turbine applications can be seen in Table 4.1. 

It can be seen quite easily that increasing the generator rating does in fact alter the values for 

Xd and X. only slightly provided an appropriate number of tiers is allowed. More important 

now is the allowable deflection of the spring and damper unit and this is dependent on the 

allowed angular rotation and radius of the stator. The allowed angular rotation at rated 

torque decreases from 3 to 1.85 degrees as the stator outer diameters increase from 2.4 m 
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4.2 Design Constraints with parameter variation 

Rating 200 kW 455 kW 750 kW 1 MW 1.5 MW 
R 0.033 0.023 . 048 0.043 0.028 

Xd 0.45 0.54 0.68 0.69 0.58 
X 0.43 0.52 0.64 0.66 0.55 
H,. 2.13 2.90 4.15 4.49 4.24 
H. 0.10 0.15 0.13 0.22 0.28 

Stator OD (m) 1.92 2.40 2.81 3.14 4.14 
wr (rev/min) 44.8 36.1 29.1 24.4 20 
No. of Poles 134 166 206 248 302 
No. of Tiers 2 3 3 4 5 

Table 4.1: Generator Parameters 

at 455 kW to 4.15 m at 1.5 MW. 

4.2.2 Damping coefficient and Spring Stiffness 

As has already been outlined in Section 4.1.3 good performance is achieved by selecting the 

damping coefficient to give a damping ratio, (, in the range 0.5 <C<0.7. Furthermore the 

spring stiffness must be chosen to ensure mode 1 operation and restrict stator movement 

to ±3 mechanical degrees at a radius of 1.25 meters, i. e. at a radius just greater than the 

outer edge of the stator. 

4.2.3 Effect of varying the number of tiers 

The limits on the spring stiffness to ensure mode 1 operation have implications for the 

design of the generator itself. As the extension of the spring is limited, the spring stiffness 

should be reasonably large, and for mode 1 operation, k should be much less than k, y,,. 
However, as k, y,, is inversely proportional to Xd, the choice of synchronous reactance and 

overall generator electrical design is restricted. 

The number of generator tiers is initially restricted by the electric loading of the stator 

modules. There are two ways of ensuring suitable electric loading as explained in section 

3.2.3. and altering the number of generator tiers was proposed as the better method for this 

type of permanent magnet generator. Considering the case when all the shaft power of the 

455 kW rated generator was transmitted through a single tier, it is clear that rated voltage 

would be generated at rated speed and therefore there must be a large current flowing in the 

windings of the individual E-cores to transmit the correct level of power. As the tier number 
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4.2 Design Constraints with parameter variation 

increases the, current level in the tiers reduces proportionally and the total shaft power is 

shared between the tiers equally. The tiers are also connected in parallel and therefore the 

resistance and reactance also reduce in proportion to the increase in number of tiers. For 

example, a two tiered generator would have half the reactance of a single tiered generator 

and a three tiered generator a third, etc, for the same rating of generator. 

If the 455 kW generator had two tiers instead of three Xd and Xq would increase by a factor 

of about 1.5 to the new values of 0.81 p. u. and 0.77 p. u. respectively whilst R would change 

to 0.039, H, to 2.85 and H, to 0.11. The effect on the eigenvalues is shown in Figure 4.4. 
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Figure 4.4: Mode 1 and 2- Variation with tier number 

Clearly the two tier design restricts the value of damping to a greater extent than the three 

tier design. In fact for k=0.5 the performance degrades so much that the damping ratio 

requirement is just violated and the design would not be suitable. For k=0.5 and c= 

0.145 the eigenvalues move from Ol to z2 with the decrease in tier number. 

4.2.4 Key design interactions as generator rating varies 

The key design parameters are Xd, Xq and the stator outer diameter. These are presented 

in graphical form in Figure 4.5 for a range of generator ratings, which have been designed 

in light of the arguments presented in the preceding sections. 

The values of Xd and X. change with increase in generator rating but, provided enough 

129 



4.2 Design Constraints with parameter variation 
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Figure 4.5: The variation of the key generator parameters with rating 

tiers are used, k, s,,, has a large value and mode 1 operation is ensured. The stator outer 

diameter increases with generator rating and so less angular movement in a larger machine 

will give a similar linear deflection of the spring as for the 200 kW generator. The deflection 

of the spring and damper unit might then be critical. Figure 4.6 shows several stator angle 

time responses for a step change in input torque on the 1.5 MW generator. The maximum 

stator deflection is 1.3 degrees at k=0.3, c=0.14, which corresponds to a damping ratio 

of 0.7. This is within the limit defined earlier because the increased pole number of the 1.5 

MW turbine partially compensates for the increased stator diameter. Furthermore it can 

be seen that the value of k for a well designed mounting for the 1.5 MW rated generator 

does not change in per unit terms compared with the value for the mounting of the 455 kW 

generator and the damping coefficient only varies by 4.5 %. 

4.2.5 Concluding remarks 

This section has identified several conflicting parameters in the design of a compliantly 

mounted, permanent magnet, synchronous generator for wind power applications. Firstly 

sufficient tiers must be used to give a good range for the power angle eigenvalue and, 

secondly, the spring stiffness must be set to limit the spring's linear deflection. The damp- 

ing coefficient must then be chosen to give mode 1 operation and ensure good transient 

performance of the generator to withstand the power angle excursions during wind gusts, 
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Figure 4.6: Time response of the stator 

synchronisation and grid electrical faults. Although the allowed deflection of the spring 

must be limited for reasons of manufacture the increase in pole number with generator 

rating and careful design ensures that this limit is not usually reached. 

The operation of the compliantly mounted permanent magnet generator has been examined 

in response to ideal step changes in torque to identify the its key mode of oscillations 

and design interactions. It is now necessary to consider two key questions concerning the 

operational performance of the generator. The first question that needs to be answered is 

will such a generator synchronise to the grid without any control over the excitation and 

only rudimentary speed control from the pitch controller and the second question is how 

will the generator perform in a windy environment? 

4.3 Synchronisation of a 455 kW generator 

The synchronisation problem is particularly interesting as, in addition to the damping 

properties of the generator, the variable speed nature of the wind turbine and the inability 

to control the generator excitation makes the behaviour of the generator on synchronisation 

an important issue. Stable synchronisation is fundamental to the operation of the generator. 

During start-up, the wind turbine uses an auxiliary pitch control system to maintain the 

generator speed close to its synchronous value. This implies that there will be little or no 
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4.3 Synchronisation of a 455 kW generator 

torque on the generator shaft at the instant of synchronisation but that the generator emf 

phasor will be both out of phase with, and moving relative to, the system voltage phasor. 

Both these conditions can be represented in the simulation by varying the initial conditions 

on the power angle, bo, and the rate of change of power angle, döo/dt. At the instant of 

synchronisation the stator angle will be zero and the rotor displacement angle equals the 

power angle. The synchronisation of the 455 kW generator has been studied using this 

approach and the resultant transient from allowing the system to settle examined to see if 

pole slipping arose. 

The synchronisation process can be quantified by considering the basic mass, spring and 
damper arrangement of Figure 4.2 and relating this to the equal area criterion. As large 

excursions of power angle, ö, now occur Figure 4.2 becomes that of Figure 4.7 where the 

electromagnetic spring, k1, has a non-linear characteristic. 
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Figure 4.7: The energy transfers during synchronisation 

On dosing the synchronisation switch the mass, spring and damper system is equivalent to 

examining the behaviour of Figure 4.7 (b) given the rotor has some initial condition on 6 

and dö/dt of bo and döo/dt respectively with the stator initial position and velocity both 

being zero. In addition mode 1 behaviour will dominate because of the selection of k and c 

Si 

5 

Sr 
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4.3 Synchronisation of a 455 kW generator 

for the compliant mounting. Due to the initial velocity, döo/dt, the rotor will have an excess 

of kinetic energy relative to the synchronous speed, DE. For successful synchronisation this 

excess energy should not cause pole slipping. 

If the stator mounting was very stiff then the excess kinetic energy of the rotor would be 

absorbed by the non-linear electromagnetic spring, k1. The extension of this spring is such 

that the area 0 0' 1 1' on Figure 4.7 (b) is equal to the excess kinetic energy. In the limit 

should DE be greater than area 0 0' 2 then pole slipping would occur. If stator movement 

is allowed by reducing k then the excess kinetic energy, DE, can be absorbed both in the 

electromagnetic spring, k1, and the stiffness of the compliant mounting, k. In fact the greater 

the extension of the stator, ö� allowed the better as this transfers energy storage from ki to 

k and reduces the excursion in ö. Once ö> 90 degrees the non-linear characteristic of the 

electromagnetic spring, k1, is such that any small increase in energy storage DE, requires a 

smaller increase in ö, than b. Consequently restricting the movement of ö, is not advisable, 

either due to an increase in k or c, as this will lead to a reduced energy storage in k and 

a disproportionate increase in ö as it strives to store this energy. This would ultimately 
lead to pole slipping and a reduction in the stability boundary. It should be noted that a 

percentage of the rotor kinetic energy will also be dissipated in the stator damper depending 

on the degree of stator movement. 

The explanation above has assumed that during the synchronisation process the torque 

input from the wind turbine is zero. If some torque input, rm, is present then Figure 4.7 (c) 

is valid where the critical area is now 3 3'4. As area 3 3'4 < area 0 0' 2 this would lead to 

a reduction in the size of the envelope for successful synchronisation relative to the r,,, =0 

case. 

Typical power and stator angle responses are shown in Figure 4.8 for synchronisation with 

aS mismatch of 40 degrees and an initial dSldt of 22 rads/s for k=0.5 per unit as the 

damping coefficient is varied. 

As the damping is increased the stator movement is restricted until the initial energy, DE, 

is greater than the energy that can be stored in the extension of k and kl or dissipated 

in the damper. At this point pole slipping occurs but the generator synchronises after one 

pole slip. An energy analysis can be used to verify the results from the simulation. The per 

unit kinetic energy input relative to synchronous speed is given by, 
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Figure 4.8: Typical synchronisation transients with spring stiffness k=0.5 p. u. as the 
damping coefficient is varied for an initial 5 of 40 degrees and döl dt = 22 rads/s 
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whilst the area 0 0' 2 is, 

DEk, 
y� = Area = 

lso EVb 
sin ödö = 

EVb 
cos So + 1) (4.6) f0 

Xd Yd 

and the energy stored in the compliant mounting is, 

DEk = 0.5kb, (4.7) 

where ö, is the extension of the stator when ö is 180 degrees. For the case when öo = 

40, döoldt = 22, k=0.5, the energy input, Dinitial, is equal to 4.36 per unit. When the 

stator damping coefficient c=0.5 p. u. the relatively large movement of the stator allows 

31% of this energy to be stored in the compliant mounting whilst only 10% is stored in the 
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4.3 Synchronisation of a 455 kW generator 

electromagnetic spring. Consequently only a relatively small power angle movement is nec- 

essary as shown in Figure 4.8. Because of the stator movement the damper is also effective 

in removing 47% of the energy. However if the stator damping coefficient is increased to 

c=0.8 p. u. then the stator movement is restricted so that 75% of the energy is stored in the 

electromagnetic spring and only 1% in the compliant mounting. In addition the damper is 

ineffective removing only 23% of the energy during this first oscillation. This leads to the 

large, poorly damped, power angle excursion shown. 
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Figure 4.9: Synchronisation envelope for constant damping coefficient as spring stiffness is- 
varied 

Figure 4.9 and Figure 4.10 show synchronisation envelopes for different values of spring 

stiffness and damping coefficient for the 455 kW rated generator with the boundaries repre- 

senting the conditions at which pole slipping will just occur. In many cases synchronisation 

will result after one or two pole slips so that by drawing pole slip envelopes a pessimistic 

estimate for the successful synchronisation boundary is obtained. Figure 4.9 shows how 

increasing the spring stiffness, and reducing the stator movement, decreases the ability of 

the turbine to synchronise with the grid without pole slipping. With a stiffness value of 

k=0.5 p. u. the area of synchronisation with no pole slipping is large and acceptable. As 

explained in section 4.1.3 spring stiffness values much above this value are not favoured. 

Figure 4.10 shows the envelope for the system as the damping is varied. Again, because the 

damper restricts stator movement , increasing the damping coefficient decreases the size of 

the synchronisation envelope but as an effective damper is necessary to damp subsequent 
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Figure 4.11: Performance on synchronisation of a 455 kW wind turbine 

extension constraint. The phase sequence of the generator would be matched to the grid by 

ensuring the terminal connections of the generator were attached to the correct phases of 

the grid and that the generator rotated in the correct direction. The blade pitch demand, 

actual pitch action and the `synchronise now' control flag for this synchronisation procedure 

can be seen in Figure 4.12. 

Pitch angle, dema4 control Yiput and point of tynchrCNsatlon for 455KW turbine with DO - 5.142 

10 15 
Tk- (seconds) 

Figure 4.12: Control action for synchronisation of a 455 kW wind turbine 

The original aim of pitch control was to assist in the start up and shut down of wind turbines 

to make it easier to connect them to grid. Only subsequently was it realised that it could 
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4.4 Response of the 455 kW rated generator to simulated wind data 

also be used for power limiting. At the start of this simulation run it is assumed that a 

preliminary control signal has decided that the wind is strong enough to generate useful 

power and that the generator should synchronise to the grid. Therefore, as can be seen in 

Figure 4.12, the pitch of the blades is assumed to start at 40 degrees. The reason for this 

is to limit the accelerating torque on the blades to within the design constraints placed on 

them by their economic design [75]. The pitch controller then reduces the pitch demand 

in discrete 5 degree steps, thus maintaining a low accelerating torque, until synchronous 

speed is reached. The actual pitch angle follows the pitch demand but is delayed by the 

time constants and limitations of the pitch actuation system as described in Chapter 2. 

Once synchronous speed is reached the pitch controller is used to alternate the speed of 

the turbine blades at 0.1 Hz. When the phase mismatch is within ±150 degrees and the 

speed passes through the synchronous value with positive acceleration the `synchronise now' 

control flag is set high and the synchronising breaker is dosed. A tighter margin on phase 

mismatch leads to a longer time until the phase of the generator and grid match but less 

initial torque stressing of the generator. This simulation run through shows it is possible 

to synchronise such a direct coupled, permanent magnet, synchronous generator provided 

that the terminal voltage and phase sequence of the generator are designed to match the 

grid voltage at synchronous speed. 

4.4 Response of the 455 kW rated generator to simulated 

wind data 

This section investigates how the compliant mounting interacts with the complete wind 

turbine system in a typical windy environment and demonstrates the ability of the stator 

damper system to limit any high frequency power oscillations and rotor movement. Exces- 

sive rotor movement could result in loss of synchronism. The pitch controller has the same 

values as described in Chapter 2, section 2.3.3. 

Five simulated wind speeds are generated by the spectral method and used to characterise 

the performance of the compliantly mounted generator and assess the impact of the pitch 

controller on the compliant mounting. These five wind speed variations correspond to the 

following cases: 
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4.4 Response of the 455 kW rated generator to simulated wind data 

1. Cut in. This corresponds to the synchronisation case presented in the previous 

section and clearly the pitch controller ensures the correct point of synchronisation 

whilst the compliant mounting ensures that the resulting oscillations are stable. 

2. Below rated windspeed. This is not such an important region for the fixed speed 

wind turbine but is useful later in comparing the energy capture between the fixed 

and variable speed operation and the response can be seen in Chapter 7. 

3. Below to above rated windspeed. This is the key area for the pitch controller 

as the output power to the grid must be limited to rated value with the compliant 

mounting ensuring smooth operation. 

4. Above rated windspeed. Gradually the turbulence becomes stronger in the wind 

and the pitch controller must act more to maintain constant power out. 

5. Cut out. Finally this time history demonstrates the fail safe pitching of the blade 

when the mean wind speed is greater than the designed cut-out value of 25 m/s the 

pitch controller must shut down the turbine until such time as successful synchroni- 

sation can be carried out. 

The last three situations are simulated for the 455 kW rated generator with the values 

for the compliant mounting designed in section 4.1 and the effect of using an ill-designed 

compliant mounting is demonstrated to show what happens when mode 2 operation occurs 

( where there is very little movement of the stator). This will vindicate the use of the 

extra tier to ensure mode 1 operation is possible within the deign limits imposed upon the 

compliant mounting. Furthermore the effect of low damping ratio will also be considered 

for the case with k=0.5 to stress the need for ensuring the damping coefficient is set to 

give a damping ratio of 0.7 >(>0.5. 

4.4.1 Below to above rated wind speed operation - power limiting 

The performance of the 455 kW rated generator will be examined in full in this section and 

only the key results portrayed thereafter. The wind speed time history, its power spectrum, 

and the run identifiers for this mode of the pitch controller can be seen in Figure 4.13 (a) 

and (b) respectively. The simulated wind speed has been generated by the spectral method 
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4.4 Response of the 455 kW rated generator to simulated wind data 

presented in Chapter 2. The compliant mounting has a spring stiffness of k=0.5 and a 
damping coefficient of c=0.145, the values chosen in section 4.1 to give the best transient 

performance and still remain within the design constraints. The run identifiers for the fixed 

speed simulation runs contain information for the PID pitch controller and a flag to show 

whether rotational effects have been included. 

Run IdeMifIer. Prop - 0.15, IM . 0.1. Der. 0, Kplt hs 20, Om&U1dudS  1 

Figure 4.13: Simulated wind speed and the corresponding power spectrum 

The resulting power coefficient, aerodynamic torque before and after induction lag, per 

unit hub torque including rotational effects and the corresponding power spectrum can be 

seen in Figure 4.14 (a) to (d) respectively. The power coefficient is at 0.45 for much of the 

simulation run because the tip speed ratio is almost 6 at rated wind speed, 12 m/s, and 

rotational speed. The power coefficient drops quickly as the wind speed increases from this 

value because of the shape of the Cp curve and the effect of blade pitch action. The effect 

of induction lag can be dearly seen in Figure 4.14 (b) where the effect of any variation in 

the input torque is accentuated by the induction lag effect. Above rated wind speeds, i. e. 
between 0 and 20 seconds and 50 and 70 seconds the effect of induction lag is swamped by 

the effect of pitch action. The PI controller limits the peak power output to 30 % above 
its rated value and this compares favourably with the results presented in [65] which show 

results for a similar wind speed time history and a 300 kW rated wind turbine with a peak 

of 35 % over rated power. 

The response of the generator power angle and the stator angle can be seen in Figure 4.15 (a) 

and (b) respectively. The stator movement damps out the typically oscillatory response of 
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4.4 Response of the 455 kW rated generator to simulated wind data 
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Figure 4.14: The power coefficient and input torque information 

the power angle to a change in operating conditions with the maximum deflection of the 

stator well within the manufacturable range of ±3 degrees. Figure 4.15 (c) and (d) are 
included to show that because the output of the generator is assumed to be connected to 

the infinite bus the rotational speed is fairly constant with a maximum deviation of 0.3 % 

and therefore the tip speed ratio varies with the inverse of the effective wind speed. 
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Figure 4.15: The 455 kW rated generator performance 

The performance of the pitch controller can be seen in Figure 4.16 (a) to (d). The pitch 

demand, plot (a), is highly oscillatory because it is derived from a measurement of the 

power out of the generator which contains oscillations due to the rotational effects induced 

into the shaft torque by the wind interaction with the blades. These oscillations in pitch 
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4.4 Response of the 455 kW rated generator to simulated wind data 

demand drive the pitch actuator to its limits on acceleration and pitch rate for most of the 

time and this can be seen in plots (c) and (d). The limits on pitch acceleration and rate 

do however have a beneficial effect in that the resulting pitch angle is much less oscillatory 

and this would reduce the amount of fatiguing of the blades and pitch mechanism. 
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Figure 4.16: The pitch controller performance 

The resulting real and reactive power flow into the grid and the voltage regulation can 

be seen in Figure 4.17. There is no control over the reactive power flow as there is no 

automatic voltage regulation. However, in this instance, the terminal voltage is maintained 

at its rated design value of one per unit because of the direct connection to the grid. As the 

line length increased or the connection became less stiff, i. e. the generator was considered 

to be an embedded generator in a local distribution network, then this may not be the case 

and voltage regulation would be an issue. 

4.4.2 Above rated wind speed performance 

The wind speed time history, its power spectrum, and the run identifiers for this mode of 

the pitch controller can be seen in Figure 4.18 (a) and (b) respectively. The compliant 

mounting has the same values as in the previous section. 

The resulting power coefficient, aerodynamic torque before and after induction lag, per 

unit hub torque including rotational effects and the corresponding power spectrum can be 

seen in Figure 4.19 (a) to (d) respectively. The power coefficient is much reduced when 
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Figure 4.18: Simulated wind speed and the corresponding power spectrum 
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4.4 Response of the 455 kW rated generator to simulated wind data 

compared against the response obtained for the 12 m/s wind speed because of the increased 

pitch action at this higher wind speed. Again, as there is continual pitch action during this 

simulation run, the effect of induction lag is difficult to detect because it is swamped by 

oscillations introduced by the pitching of the blades. The PI controller now limits the peak 

power output to 45 % above its rated value, which is again consistent with [75]. 
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Figure 4.19: The resulting power coefficient and input torque information 

The performance of the pitch controller can be seen in Figure 4.20 (a) to (d) respectively. 

The pitch demand, plot (a), is again highly oscillatory and this is moderated in the pitch 

angle response, plot (b), by the pitch acceleration and-rate limits. The pitch actuator is 

driven to its limits on acceleration and pitch rate for even more of the time when compared 

with Figure 4.16 (c) and (d) so as to cope with the increasing strength of the stochastic 

variations introduced by the rotational effects caused by the turbine blades. The controller 

values should perhaps be optimised for each wind speed to cope with the non-linear variation 

of the effect of the pitch angle on the power coefficient [65]. This would lead to consistent 

peak powers being recorded for each wind speed above rated. However this detailed opti- 

misation of the pitch controller is not crucial to the thesis and so the well designed values 
for the 12 m/s wind series were used throughout. 

4.4.3 Cut out performance 

The wind speed time history, its power spectrum, and the run identifiers for this mode of 

the pitch controller can be seen in Figure 4.21 (a) and (b) respectively. Again all the same 
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4.4 Response of the 455 kW rated generator to simulated wind data 
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Figure 4.20: The pitch controller performance 

values are used for the generator and wind turbine parameters as in the previous sections. 

The crucial point to note here is that the mean wind speed rises above 25 m/s, the cut-out 

wind speed, at a simulation time of about 9 seconds and at this point the controller should 

act to bring the driving torque to zero. If this wind speed persisted a further control action 

should open the breaker to the grid and allow the turbine to come to a complete stop and 

the parking brake applied to limit the possibility of damage to the turbine. 
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Figure 4.21: Simulated wind speed and the corresponding power spectrum 

The performance of the pitch controller can be seen in Figure 4.22 (a) to (d). For the 

first 9 seconds the pitch rate and acceleration are oscillatory in response to the stochastic 

variations introduced into the hub torque by the rotation of the wind turbine blades. At a 
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4.4 Response of the 455 kW rated generator to simulated wind data 

time of about 9 seconds the mean wind speed increases above 25 m/s, the cut-out speed, 

and the fail safe control is activated which sets the pitch demand to 90 degrees, i. e. complete 
feather. The pitch actuator acts to attain this value within the limits on torque and rate. 
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Figure 4.22: The pitch controller performance 

The resulting power coefficient, aerodynamic torque before and after induction lag, per unit 
hub torque including rotational effects and the corresponding power spectrum can be seen 

in Figure 4.23 (a) to (d) respectively. Once the fail safe control is activated and the pitch 

angle increases to 90 degrees the power coefficient and torque reduce to zero. The effect of 

the induction lag on the sudden decrease in aerodynamic driving torque due to this increase 

in pitch angle leads to a negative overshoot in the post-induction lag torque. The rotational 

effects are still present in the induced hub torque after the blade pitch has been increased 

to 90 degrees because the blade is still sampling turbulence and experiencing both blade 

imbalance and tower shadow effects. 

4.4.4 Wind turbine performance with a stiff stator 

To demonstrate the effect of the stochastic input of the wind induced shaft torque to a 

poorly designed compliantly mounted, permanent magnet, synchronous generator a series 

of simulations were carried out with the spring stiffness, k, set to large values in the range 

2 to 10 per unit with the damping coefficient, c, still set to 0.145. This was done for only 

the first 10 seconds of the 12 m/s time history. The important features to look at are the 

angular oscillations of the generator power angle and stator angle and the quality of the real 
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Figure 4.23: The resulting power coefficient and input torque information 

and reactive power flow and voltage regulation into the grid. These can be seen in Figure 

4.24 (a) and (b) and Figure 4.25 (a) to (c) respectively for the case with k=5 per unit. 
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Figure 4.24: The 455 kW rated generator performance 

The magnitude of the response of the stator angle is much reduced when compared with the 

well designed case and there is much less damping of the resulting power angle swings due 

to the stochastic torque input from the wind. In fact the oscillations of the power angle are 

dynamically magnified and this leads to unacceptable real power swings against the infinite 

bus. Looking at the voltage regulation and reactive power flow, the generator terminal 

voltage is within typical limits for such a grid connected generator, between +6 and -10 % 

of nominal [93], but if the generator were connected to a weak grid the oscillations could lead 
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Figure 4.25: The real and reactive power flows and voltage regulation 

to unacceptable performance. Certainly if a two tier design generator were used, instead of 

the three tier design, these large power swings coupled with the larger rated power angle 
due to the increased reactance could lead to instability. It is therefore important to allow 

the stator sufficient movement to ensure damping of the machine power angle. 

4.4.5 Wind turbine performance with low damping ratio, C 

The second handle on the design of the compliant mounting is the damping coefficient. To 

judge whether the design principles stated in section 4.2 are valid for the stochastic response 
due to the wind the damping coefficient, c, was set to values in the range 0.02 to 0.2 per 

unit with the spring stiffness, k, set to 0.5. This was done for only the first 10 seconds of the 

12 m/s time history. Again the important features to look at are the angular oscillations of 

the generator power angle and stator angle and the quality of the real and reactive power 
flow and voltage regulation into the grid. These can be seen in Figure 4.24 (a) and (b) and 
Figure 4.25 (a) to (c) for the case with c=0.05 per unit which corresponds to C=0.018. 

The stator angle response is more oscillatory when compared with the well designed case and 

there is far less damping of the resulting power angle swings due to the torque input from 

the wind. The build up of voltage fluctuations would quickly violate the grid connection 

requirements for embedded generators which states that the variation in terminal voltage 

must remain between +6 and -10 % of nominal rated voltage [93]. 
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Figure 4.26: The 455 kW rated generator performance 
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Figure 4.27: The real and reactive power flows and voltage regulation 
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4.5 Conclusions 

4.5 Conclusions 

This chapter has outlined the performance of a compliantly mounted, permanent mag- 

net, synchronous generator rated at 455 kW and shown that, provided the values of the 

compliant mounting are matched to the generator design to satisfy the limits imposed by 

manufacturing and stability constraints, this form of generator is suitable for wind power 

applications. The focus has been on the performance of a generator rated at 455 kW but 

the arguments apply to the full range of generators ratings due to the per unit modelling 

and design strategy. The use of classic design techniques, eigenvalue analysis and step re- 

sponses, for the compliant mounting have been extended well to the windy environment. 

A similar level of power limiting is obtained from the permanent magnet generator as for 

a conventional induction generator plus gearbox arrangement. Furthermore the hypoth- 

esis that this kind of permanent magnet generator requires an extra tier than necessary 

from a consideration of thermal loading alone is borne out by the poor performance of a 

badly designed compliant mounting in the windy environment. The stiffness and damping 

ratio selected from the classic techniques translate into good transient performance in the 

windy environment and therefore the eigenvalue technique is vindicated as a good design 

procedure for matching the values of the compliant mounting to those of the permanent 

magnet generator. This concludes the fixed speed section of the thesis and the variable 

speed modelling of the permanent magnet generator is presented next to determine if this 

mode of operation will bring cost, weight and performance benefits. 
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Chapter 5 

Modelling a Variable Speed Wind 

Turbine 

As 
has already been discussed in Chapter 3, direct connection of a fixed speed generator 

to the wind turbine requires a multi-pole construction with a small pole pitch to fit into 

a conventional sized nacelle. This leads to a generator design where conventional damper 

windings are ineffective and for synchronous operation an alternative damping system is 

required where the stator is mounted compliantly. 

The operation of such damping has been discussed in the previous chapters but it is not 

required if variable speed operation is adopted where the generator voltage is decoupled 

from the grid via a frequency converter. Furthermore the wind turbine can rotate at a 

speed appropriate to the actual wind speed. This should result in smoother power flow into 

the grid, alleviate the mechanical stress throughout the turbine structure, reduce the noise 
impact and lift the constraint of generating 50 Hz ac [94]. Further design optimisation of the 

modular permanent magnet generator can then be achieved. A schematic of a representative 

variable speed configuration can be seen in Figure 5.1. 

This chapter introduces the concept of the variable speed operation of the permanent mag- 

net, synchronous generator. Firstly the perceived benefits of such operation, as outlined 

above, are further elaborated to demonstrate the attractiveness of variable speed operation. 
Secondly the requirements of a scheme to decouple the generator from the grid and the 

key features of a suitable control methodology necessary to achieve the perceived benefits 
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are described. Several schemes exist for decoupling the generator output from the grid 

to allow the required controlled variations in rotational speed to achieve the basic control 

aim. Figure 5.1 shows a three phase rectifier and an inverter based on thyristor technology 

but, for the reasons outlined in section 5.3, a multi-phase rectifier and an inverter using 

insulated gate bipolar transistor (IGBT) technology is the proposed choice of technology 

for the frequency converter in this thesis. The reasons for choosing the multi-rectifier and a 

pulse width modulated (PWM) inverter scheme to control the permanent magnet generator 

output are discussed. The advantages of such a scheme are presented and the development 

of suitable simulation models for each of the constituent parts of the scheme is outlined. 

These models are then pulled together and linked to the models presented in Chapter 2 to 

create the simulation model of a variable speed, wind turbine driven, permanent magnet 

generator. Finally a discussion is presented on the derivation of further control strategies 

for both matching the power input characteristic of the wind turbine blades to the power 

output transfer of the generator, rectifier and inverter and balancing the requirements for 

grid connection. These control strategies allow the full potential advantages of variable 

speed operation to be realised. 

5.1 The advantages of variable speed operation 

Typically variable speed turbines have small (±5%), medium (±25%) or full unrestricted 

speed operation. As described previously the wind turbine blades will either be stall reg- 

ulated or have pitch control to limit the power above rated windspeed and the following 

discussion applies to a typical three blade pitch regulated wind turbine with full unrestricted 
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Power coefficient versus tip speed ratio for zero degrees blade angle 

CL U 

Tip speed ratio 

Figure 5.2: Cp versus tip speed ratio for zero degrees blade pitch 

speed operation. 

5.1.1 Energy capture from variable speed control 

The first advantage of variable speed operation of a wind turbine is the greater energy 

capture by the wind turbine blades because of the ability to alter the rotor speed by some 

suitable frequency converter arrangement and control strategy. This control strategy should 
be designed to track the required tip speed ratio to keep the blades operating at the maxi- 

mum power coefficient, Cpfzax. A plot of the power coefficient showing Cpmax can be seen 
in Figure 5.2. 

The Cp curve has a peak at only one ratio of windspeed and blade angular speed " Cpmax 

typically occurs at a tip speed ratio of six. If the rotor speed could be controlled so that 

as the windspeed varies the tip speed ratio was maintained at this value then the energy 

capture by the wind turbine blades would be a maximum. An analysis of the energy capture 

of a fixed and variable speed wind turbine can be carried out using the Raleigh distribution 

and Cp curves introduced in section 2.1.1 . 

The Raleigh distribution, shown in Figure 2.2, gives the probability that the wind speed will 

exceed a given value, in this case 8 m/s. This can be used to obtain the cumulative hours 

a turbine will experience any wind speed. For a fixed speed wind turbine operating below 
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Figure 5.3: Power output versus cumulative hours at that power level 

rated windspeed the resulting power is given by equation 2.8 where Cp is determined from 

the value of tip speed ratio, which is only at its maximum value for one value of wind speed, 

and assuming the blade is at zero pitch. Power limiting above the rated windspeed, 12 m/s, 

is assumed to be that of an ideal pitch controller. This leads to the graph of mechanical 

power input to a fixed speed 455 kW permanent magnet, synchronous generator against the 

cumulative hours the wind turbine operates at that level during the year shown in Figure 

5.3. The total cumulative number of hours in a year is 8760 and the turbine does not 

operate for every hour of the year because of periods where the wind speed is above the 

cut-out wind speed, 25 m/s, or below the cut-in wind speed, 5 m/s. 

For the variable speed case, below rated windspeed, it is assumed that the turbine has an 

ideal control response and therefore is always operated at Cp�ýax. Again for above rated 

wind speed conditions power limiting is assumed to be ideal. This leads to the power 

input to the variable speed 455 kW permanent magnet, synchronous generator against the 

cumulative hours the wind turbine operates at that level during the year. 

Clearly the variable speed wind turbine operates at higher power levels because of the ability 

to remain at Cp,,, ax. Integrating the area under the graph gives the energy capture over 
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5.1 The advantages of variable speed operation 

the year. A comparison of the theoretical maximum energy capture for the variable versus 

the fixed speed 455 kW rated wind turbine can be seen in Table 5.1 and shows that for 

the aerofoil assumed in this thesis there is a maximum theoretical increase of about 7% in 

energy capture if variable speed operation is used. This is only a theoretical maximum as 

the requirement to track the C. curve for Cpmax in a turbulent windy environment leads 

to a reduction in this figure. The engineering challenge is to derive and simulate a cost 

effective control strategy that minimises this reduction. This is outlined in section 5.2. 

Variable Speed 1511 MWHr 
Fixed Speed 1411 MWHr 
Percent Increase 7.1 % 

Table 5.1: Energy capture comparison between fixed and variable speed operation 

5.1.2 Power Quality 

The second and key advantage of variable speed operation will be the enhanced quality of 

the power flowing into the grid. Although the output voltage and current of inverters can 

have a high level of harmonic distortion this can be controlled and the ability to absorb 

energy in the rotor blade means there will not be such excessive power swings into the grid 

which would make voltage control difficult. Furthermore the control of the inverter allows 

the fundamental component of the terminal voltage to be altered and this means that it will 
be possible to control the reactive power independently of real power flow. For the fixed 

speed case the terminal voltage of the generator is fixed, as the field and rotational speed 

are almost constant, and the level of reactive power is purely determined from the state of 

the system. Several inverters and control methodologies are outlined in sections 5.3.9 to 

5.3.13 and results of a thorough investigation presented in chapter 6 for the chosen PWM 

inverter. 

5.1.3 Generator design 

The third advantage of variable speed control is also important as it leads to a consid- 

erable reduction in the weight of the generator over the fixed speed case. The generator 
design mentioned in Chapter 3 for the fixed speed design of generator describes a modular 

arrangement of a large number of separate stator E-cores. This allows a machine of any 
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5.1 The advantages of variable speed operation 

specification to be made from a simple set of module designs using the same set of simple 

tooling. Matching the design of the generator to the wind turbine is still the same for the 

variable speed case but there are two key differences between the fixed speed generator 
design and the design for variable speed operation. Firstly, for the variable speed generator 

the number of tiers necessary for the dynamic performance of the generator is reduced when 

compared with the fixed speed case for there is no need to balance the design of the com- 

pliant mounting to a suitable level of synchronous reactance. In fact the variable machine 
design typically has one to two less rotor tiers than the fixed speed case in turbines rated 
from 200 kW upwards. Secondly the generator does not need to be designed for 50 Hz 

operation and redesign of the generator is possible. These two ideas are now expanded. 

LOW TIER NUMBER. The key benefit of losing the requirement for a compliant mount- 
ing is a reduction in the number of tiers as the limit on reducing the number of tiers is now 
dependent only on the allowable electric loading. In fact, providing the same configuration 

of rotor module is retained, the variable speed generator typically has one less rotor tier 

than the fixed speed case in turbines rated from 200 kW upwards. This is illustrated in 

Figure 5.4 which shows the material costs of building a 455 kW permanent magnet gener- 

ator as the mode of operation changes from variable to fixed speed at 50 Hz. Clearly the 

455 kW variable speed generator would have about a 33 % saving in material costs when 

compared with the fixed speed case. This cost saving could be used to offset the additional 

cost of the frequency converter. 

DESIGN FREQUENCY. The generator does not need to be designed for 50 Hz operation 

and redesign of the generator is possible. Figure 5.4 also shows the material costs of building 

a variable speed 455 kW permanent magnet generator as the design frequency varies. The 

frequency cannot be reduced too far as the power transfer capability of the tuning circuit, 
introduced in section 5.3.5, depends to a large extent on the frequency of the generated 
E-core voltage which is dependent on the designed number of pole pairs for a given rated 

rotor speed. Increasing the design frequency requires a higher pole number and therefore 

a heavier rotor but less windings are required per stator E-core to provide the same rated 

voltage. Therefore a trade off exists between stator and rotor weight as the design frequency 

increases. There is one further constraint on increasing the design frequency and that is 

the size of the standard nacelle which is typically of the order 5-10 % of the diameter of 

the blades. The results indicate that 55 Hz is a good design frequency for the 455 kW 
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Figure 5.4: Material Costs versus frequency and control scheme 

rated generator and is used for all subsequent variable speed generator designs. However 

equation 3.3 indicates that the power out of a generator is dependent on frequency as well as 

physical size, achievable magnetic flux density and stator electric loading. Thus increasing 

the frequency to a much higher value, say 200 Hz, may have an interesting effect on the 

design. However to achieve 200 Hz operation without reintroducing a gearbox would require 

about 4 times the number of poles for the low rotational speed of the wind driven rotor. 

To keep the same rotor diameter, the pole pitch would have to be reduced proportionally 

and this could lead to constructional difficulties. Whether this could be achieved or not is 

beyond the scope of this thesis. 

FURTHER DESIGN MODIFICATIONS. The preceding argument is based on gen- 

erator designs with rotor modules comprising two standard 25 x 100 x 150 mm ferrite 

magnets blocks with flux concentrating pole pieces per module as described in Chapter 3. 

This design was shown to be well suited to the fixed speed case. When considering the 

variable speed operation of the generator, further fundamental design modifications can be 

made to the rotor by altering the number of standard industrial magnet blocks used in each 

module. For example, doubling the width of the module from one to two magnet blocks 

would result in a more powerful airgap flux density which would allow a larger airgap to 

be used for the same rating of generator. A larger airgap would allow greater tolerances to 

be withstood by the stator support structure and could lead to substantial material cost 

savings. However the number of poles would decrease for the same diameter of generator 
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5.2 Realising the advantages of variable speed operation 

and hence the frequency of generation would be lower for the same rated rotational speed. 

For this thesis, the iterations in the design process necessary to understand the performance 

of such a different generator design is not considered. The standard fixed speed design is, 

therefore, retained as the basis for the variable speed permanent magnet generator. The 

model of the variable speed wind turbine, presented in section 5.3, can, however, cater for 

a generator with a different rotor design: the only change being to alter the power transfer 

characteristic of the generator and rectifier unit and the calculated rotor inertia. Matching 

the generator design to the frequency converter is still important and this is outlined in 

more detail in sections 5.2 and 5.3. 

5.1.4 Further advantages 

Two further advantages exist for variable speed operation yet their benefits are difficult 

to quantify. Allowing the wind turbine to rotate at a speed appropriate to the windspeed 

means that the aerodynamic noise over and above the ambient wind noise is less when 

compared with the noise generated by the fixed speed case, i. e. at low windspeeds the 

turbine blades can rotate at a lower speed than for the fixed speed case thus generating 

less aerodynamic noise [95]. Secondly the ability of the rotor blades to accelerate and 

absorb some of the power within a wind gust means tower and blade structural design 

can be optimised. However the variable frequency of operation may mean that structural 

vibrational modes may be excited and this must be avoided [94]. 

5.2 Realising the advantages of variable speed operation 

The case for variable speed operation over the fixed speed case has been outlined in the pre- 

vious section in terms of increased energy capture, enhanced power quality, lighter cheaper 

generators and other more indeterminable advantages. Clearly the inclusion of a frequency 

converter is key to the variable speed operation of a permanent magnet generator but what 

is not dear is will the added cost of the rectifier and inverter outweigh the realisable ben- 

efits? The implications of this question and the problems associated with realising the 

benefits of variable speed operation need to be understood and their impact on the design 

drivers outlined. 
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5.2 Realising the advantages of variable speed operation 

5.2.1 Tracking the C, curve for Cpmax 

Ignoring any structural resonance problems, an operational strategy can be found for a 

pitch regulated turbine by controlling the generator reaction torque using variable speed 

operation below rated windspeed and pitch control for power limiting above rated windspeed 
[94]. Below rated speed the aim is to maximize the energy capture by adjusting the rotor 

speed to keep the optimal tip speed ratio and hence track the Cpmax curve, a to b on Figure 

5.5. The curves on Figure 5.5 are derived from the Cp curve shown in Figure 5.2 and the 

equation for the power in the wind, equation 2.8. Instead of plotting the Cp curve against 

the tip speed ratio, each curve of Figure 5.5 is the power calculated from equation 2.8 at 

a constant wind speed plotted against rotor speed. For each windspeed, C,, and hence the 

power out, is a maximum at only one ratio of windspeed to rotor speed. Above rated speed 

the pitch angle is controlled to limit the power out and, depending on the performance of 

the pitch controller, the generator operates at point b. For the case of a stall regulated wind 

turbine the rotor speed would be varied to limit the power out, b to c on Figure 5.5, as 

the windspeed varied above rated. So the question is how to balance the mechanical power 
into the generator and the power transferred out to the grid via the rectifier and inverter 

so that there is maximum energy capture whilst maintaining rated terminal voltage. 
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Cp Max Curve 

Increasing 
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Figure 5.5: Constant Windspeed Curves and operational strategies for a variable speed 
turbine 
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5.2 Realising the advantages of variable speed operation 

5.2.2 Power flow control 

Clearly to implement the strategy, outlined in the previous section, the facility must exist 

within the scheme to separate the power harnessed by the wind turbine to drive the generator 

from the power transmitted to the grid. The difference in input and output power can 

then be used to either accelerate or decelerate the rotor to track Cpmax. This is achieved 

by coupling the generator to the grid via a frequency converter, typically comprising a 

generator, rectifier and inverter. The key interfaces that determine the power flow from the 

blades to the infinite bus can be seen in Figure 5.6. 
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Generator wd ~ 
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Wind Interaction Power Power Interaction 
with the blades out of the out of the with the 

to give shaft power Rectifier Inverter Power System 

Figure 5.6: Variable Speed Modelling Interfaces 

The power into the generator is dependent on the windspeed and rotor speed. For a conven- 

tional diode bridge rectifier, the power can only be transmitted via the rectifier into the dc 

link if the absolute magnitude of the generated voltage is greater than the dc link voltage. 

Other schemes exist but these are beyond the scope of this thesis. The level of power that 

flows into the inverter is then dependent on the voltage of the dc link and the current that 

flows within the link. The power that can be transmitted to the infinite bus is a function of 

the voltage of the system and the voltage at the terminals of the inverter. The power angle 

between these two voltages can be varied by delaying the sequence of the firing angles of 

the inverter with respect to a measured signal of the angle of the infinite bus. The level 

of the inverter terminal voltage can be controlled either by altering the dc link voltage or 

by changing the control ratio, KVdc, of the inverter which is the ratio between the dc link 

voltage and output voltage of the inverter. The range over which this ratio can be altered 

depends on the configuration and control of the inverter. If less current is taken out of the 
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5.3 Variable Speed Wind Turbine Modelling 

link by the inverter than flows into the link from the rectifier then the voltage across the dc 

link capacitance will increase and vice versa. Thus a scheme is required which allows the dc 

link voltage to vary in response to any change in windspeed and thus match the power flow 

through the generator, rectifier and inverter to the grid to track Cpma:. Furthermore as the 

dc link voltage varies the inverter control ratio must be adjusted to maintain either rated 

terminal voltage or a reactive power setpoint. The detailed modelling of these concepts is 

presented in the next section. 

5.3 Variable Speed Wind Turbine Modelling 

The d, q-axis modelling and fixed speed operation of a multi-pole, permanent magnet, syn- 

chronous generator connected directly to the grid has already been described in Chapters 

3 and 4. However the modelling necessary for variable speed operation is very different 

because of the connection to the rectifier and inverter unit. This section outlines those 

differences and discusses the theory, operation and implementation into simulation models 

of several frequency converter schemes. 

The key interfaces that need to be modelled are shown in Figure 5.6. The power input from 

the wind is still given by equation 2.8 as the turbine blade design has not changed. The 

standard method for rectifying the three phase output of a conventional generator is to use 

a three phase rectifier but the modular design of the permanent magnet, synchronous gener- 

ator allows a better configuration to be used and the modelling of this is described. Finally 

the modelling of several kinds of inverter scheme is discussed with particular reference to 

the power flow into the grid. A full discussion of the operation and theory of the variable 

speed generator and frequency converter is presented in [96]. Throughout the discussion 

the SIMULINK models used for the variable speed wind turbine model are introduced as 

appropriate. 

5.3.1 Variable speed wind turbine model library 

The simulation library shown in Figure 1.5 contained block libraries for all the key parts of 

a wind turbine operated at variable speed. It is now necessary to outline the theory behind 

each of the blocks to arrive at a suitable SIMULINK model. Some of the modelling is the 

161 



5.3 Variable Speed Wind Turbine Modelling 

same as for the fixed speed case, i. e. the pitch controller and actuator, wind time series and 

shaft power calculations, etc, but different models will be required for the generator and 

new models needed to represent the operation of the frequency converter. The final model 

will have the form shown in Figure 5.7 with the block libraries expanded as required. 
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power in ýýj j7 j 

Wind Speed 
time series models Invert er end Power Rest a 

Wind Turbine Generaior/Reclitier control models Power 

Models and dc link Models 

Pitch I 
Angle 

Rotor Speed 

Pftch Controllers 

Figure 5.7: Schematic of the variable speed wind turbine model 

5.3.2 Modelling aims and method of attack 

The aim of developing a MATLAB model of a variable speed wind turbine is to be able to 

compare the dynamic performance and control requirements of the fixed and variable speed 

operation in the timescale from 10 to 500 seconds. The performance during this timescale of 

operation will give an indication as to which is the preferred mode of operation. To achieve 

this objective it was considered inappropriate to develop an in depth a, b, c phase model 

of the generator and couple it to a detailed model of the individual diodes and IGBT's of 

the rectifiers and inverter because of the timescales involved. The time savings alone when 

considering an inverter scheme with 34 switching instants per cycle, as outlined in section 

5.3.9, and the constraint of simulating at least ten times as fast as the fastest oscillating 

frequency would require a step length an order of magnitude lower than currently used. 

This would mean that the 80 seconds of results presented in the-next chapter would take 

about 20 hours instead of the 2 hour run time on the 50 MHz 486 at present. A quasi-static 

approach is, therefore, used where it is assumed that the generator and rectifier and inverter 

162 



5.3 Variable Speed Wind Turbine Modelling 

move from one steady state operating point to another. This ignores all switching transients 

and is equivalent in principle to a fourth order model of the fixed speed permanent magnet 

generator where all frequency effects are neglected. The method of attack was to use a full 

non-linear simulation using the SIMULINK models which will now be described. 

5.3.3 Wind Turbine Modelling 

The wind turbine modelled is the same three blade, horizontal axis, grid connected, medium 

sized turbine whose theory of operation was outlined in Chapter 2 and therefore the same 
Simulink models for the wind turbine can be used. However there are a few slight changes 

and these will now be addressed. 

WIND TIME SERIES AND WIND TURBINE MODELS. The approach for gen- 

erating the wind speed time histories and for modelling the wind interaction with the blades 

is the same as for the spectral method proposed in Chapter 2 but now instead of fixed fre- 

quency spikes to represent the rotational sampling effects, the sin and cos wave generators 

shown in Figure 2.20 have the varying frequency of the rotor speed input to them to repre- 

sent the fact that the rotor is no longer operated at fixed speed. The power transmitted to 

the hub is still given by, 

P=0.5pCpAU3 (5.1) 

The C. curves are again implemented as a look-up table referenced by the tip speed ratio 

and pitch angle. The developed shaft torque is then given by dividing the hub power by 

the rotational speed of the shaft, which is no longer fixed. The same pitch controller and 

actuator as developed in Chapter 2 is used for the variable speed operation to enable a fair 

comparison to be made. 

5.3.4 Rectifier Theory 

The proposed E-core arrangement of the multi-pole, permanent magnet, synchronous gen- 

erator suggests a scheme for rectification where each coil is connected to a single phase 

diode rectifier bridge and then paralleled onto the dc bus [97]. This is shown in Figure 5.8. 
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Vdc 

Figure 5.8: Modular Electrical Arrangement for the AC/Dc Power Interface 

There are two main advantages of such an arrangement. Although this is an inefficient 

use of diodes compared with a single three phase bridge, the number of E-cores and diode 

bridges mean that if one falls the change in the quality of the output dc link voltage would 

be low. This has important and beneficial maintenance implications. Secondly the dc link 

voltage would have very little ripple due to the large number of phases and a filter for the 

dc link would be unnecessary. - 

The developed terminal voltage across a single E-core in the 455 kW generator is about 

420 Volts with the biggest harmonic being the fifth at about 8 %. One major problem 

does arise from analysis of this E-core arrangement and that is the poor power transfer 

capability of each E-core and rectifier unit onto the dc link. This poor capability arises 

because the diodes only transmit power when the absolute magnitude of the voltage across 

the ac side of the bridge is greater than the voltage of the dc link. The low E-core emf 

is further reduced by the voltage drop across the inductance, Lc, of the E-core so that, to 

achieve an acceptable conduction time for the diodes of the bridge, a low dc link voltage 

is required. Unfortunately to transmit the rated module power of the generator at a low 

dc link voltage requires a high dc link current. The losses in such an arrangement would 

be high. One solution to this problem would be to increase the number of tiers, and hence 

number of modules, of the variable speed generator and effectively lower the required power 

rating of each module. A high dc link voltage could then be used with less current being 
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drawn from each of the greater number of modules. However the drawback to this would 

be an excessively heavy generator. The proposed solution to this problem [101] is to fit a 

capacitor, Cac, across the diode bridge on the ac side to partially tune out the inductance. 

This resonant circuit allows much more power to flow. The proposed arrangement for a 

single E-core and rectifier module can be seen in Figure 5.9. 

Pdc 

vac 

Figure 5.9: Equivalent Circuit for Capacitance Compensated Rectifier 

5.3.5 Generator and capacitor compensated rectifier theory 

The power transfer capability of the generator and capacitor compensated rectifier depends 

on the speed of the generator rotor, the level of the dc link voltage and the value of the 

tuning capacitance. This can be modelled using a full time stepping analysis and three 

programs (WINDVARD, WINDVARP, and WINDVOUT) are used to derive the steady 

state power transfer capability for any given rating of wind generator and rectifier as the 

voltage in the dc link and rotational speed of the rotor are varied. The key equations 

contained within these programs to determine the steady state performance of the circuit 

shown in Figure 5.9 are included in Appendix D. The programs output values for the airgap 

power and the dc link power, from which the injected dc link current can be found. 

The output current from the E-core, injected current into the dc link and the corresponding 

absolute magnitude of the voltage across the tuning capacitor, Ca,, from WINDVARP for 

a module of the 455 kW generator with a capacitance of 33 µF, a fixed dc link voltage of 

900 V, at a frequency of 55 Hz can be seen in Figure 5.10, Figure 5.11 and Figure 5.12 

respectively. These waveforms have been calculated by time stepping through an exact 
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solution to the circuit shown in Figure 5.9. The dc link voltage of 900 Volts is calculated 
to be the maximum dc link voltage level at which meaningful power transfer can occur 

at 55 liz. The emf from the E-core is calculated at each time step by the analysis of the 

equivalent magnetic circuit at the frequency of interest and the dc link voltage is fixed. 

The waveform of the E-core voltage induced by the travelling magnetomotive force at the 

generator airgap will not be a pure sinusoid, but will contain odd harmonics. It is necessary 
to include these harmonics when determining the likely transmitted power levels through 

the proposed multiple E-core, tuning capacitor and diode bridge arrangement. 

Assuming the initial conditions to be zero, the voltage across the tuning capacitor, Ca,, 

initially builds up due to the current flowing during the positive half cycle of the E-core 

emf. When the voltage across Ca, is just greater than the dc link voltage, just enough 

current flows into the capacitor from the E-core to prolong conduction but the bulk of the 

current is now injected in to the dc link. When the current from the E-core then changes 

In polarity the diodes switch off. During the negative half cycle, capacitor Cac, discharges 

back into the E-core and then charges giving rise to a negative voltage across it. When the 

reverse voltage across Cac is larger in magnitude than the dc link voltage the second leg of 

the rectifier bridge switches on. This then conducts the bulk of the current flowing from 

the lrcore until r, again changes in polarity. This action repeats itself until a limit cycle 

is set up where the charge period and discharge period are in equilibrium and an average 

mean current is injected into the dc link. 
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Figure 5.10: Current out of the E-core 

Figure 5.10 to Figure 5.12 clearly demonstrate the resonant properties of the circuit of 

Figure 5.9 in that the dc link voltage at which meaningful levels of power can still be 
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Figure 5.11: Current injected into the dc link 
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Figure 5.12: Voltage waveform across the tuning capacitance 

transmitted is increased to 900 Volts. The E-core voltage for this case is about 567 V a. c. 

and the overall efficiency from the E-core to the dc link is 91.6 %. This is about 95 % of 

the efficiency of the fixed speed permanent magnet generator. The analysis of WINDVARP 

does not consider the mechanical power into the circuit but merely finds the steady state 

equilibrium point of the circuit of Figure 5.9 at the given frequency and dc link voltage and 

evaluates all the losses. The equations for this are given in Appendix D. 

The step response of the tuning circuit to a reduction in the dc link voltage from 900 Volts 

to 450 Volts demonstrates the time constants involved in the circuit. The step responses 

can be seen in Figure 5.13 to Figure 5.15 and indicate a fast settling time, of the order 0.01 

seconds. This is very fast compared with the time constant of the mechanical power flow into 

the generator which is dominated by the inertia of the wind turbine blades. Therefore the 

interface between the mechanical power into the generator and the airgap power transmitted 
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via the multi-phase rectifier to the dc link is modelled quasi-statically by considering only 
the power transfer at the airgap and current injected into the dc link. This approach 

to modelling the conversion from the mechanical power of the shaft to electrical power 
flow within the dc link of the variable speed operated generator has sufficient accuracy for 

performance comparisons against the more accurate model developed in Chapter 3 for the 

fixed speed generator. 
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Figure 5.13: Current out of the E-core after step down in Vdv 
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Figure 5.14: Current injected into the dc link after step down in Vdc 

The results from WINDVARP have been validated using the PSPICE [98J electronics pack- 

age. The generator parameters, returned from WINDVARD and WINDVARP, are pre- 

sented in section 5.4 for a range of generator ratings typically found in wind turbines 

applications. The value of tuning capacitor is chosen to ensure that over the frequency 

range of interest the possible power transfer across the airgap matches the profile of the 

input mechanical power from the'wind. This means that the size and frequency range of the 

resonant peak power transfer characteristic must be chosen carefully. Choosing too small 
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Figure 5.15: Voltage waveform across the tuning capacitance after step down in Vdc 

a value of capacitance relative to the E-core inductance leads to only a small amount of 

resonance. Choosing too large a value of capacitance may lead to too much resonance with 

resulting control problems. The capacitances presented in section 5.4 have been chosen so 

that the resonance of the tuned circuit is matched to the input mechanical power of the 

wind turbine over the frequency of operation. WINDVARP returns values of steady state 

airgap power and dc link power as rotor speed and dc link voltage vary over the full range of 

operating wind speeds. These are transferred into MATLAB as 2D lookup tables referenced 

by rotor speed and dc link voltage. The injected dc link current, and not dc power, is the 

variable used in the MATLAB simulation and this is easily obtained by dividing the dc link 

power by the corresponding dc link voltage level it has been calculated at. The next section 

explains how these can be included in a SIMULINK model to represent the generator and 

rectifier. 

5.3.6 Generator and rectifier combined model 

The time taken for the resonant circuit to reach a steady value is about 0.5 seconds. But 

subsequently to that small changes in frequency or dc link voltage take only a few cycles to 

reach a steady value. Therefore it was assumed that the combined generator and rectifier 

could be modelled in a quasi-static way. 

GENERATOR AND RECTIFIER MODELLING. The concepts for this were intro- 

duced in the previous section. The methodology used to develop a SIMULINK model is to 

carry out a quasi-static analysis to derive lookup tables for the airgap power transfer and 

169 



5.3 Variable Speed Wind Turbine Modelling 

injected current into the dc link. These tables are referenced by rotor speed, w,. and the dc 

link voltage, Vd, such that the airgap power and injected current per module is known for 

any value of w and Vd,. As the modules are in parallel they share this airgap power equally 

and, for a fixed airgap power, they inject a steady mean value of current into the dc link. 

The same equation governing rotor movement as for the fixed speed case, equation 3.15, is 

then used to give a quasi-static method for establishing how the turbine rotor speed will 

change in response to any change in operating point. The SIMULINK implementation of 

the generator rotor swing equation and the injected dc link current can be seen in Figure 

5.16 and Figure 5.17 respectively. In Figure 5.16 the block titled `Generator and rectifier 

power transfer characteristic' contains the 2D lookup table for airgap power transfer which 

is derived in the next few paragraphs. The value for the power transferred across the airgap 

is compared against the mechanical power from the wind turbine model at each simulation 

step to determine changes in rotor speed. In Figure 5.17 the block titled 'Injected dc link 

current characteristic' contains the 2D lookup table returned from WINDVARP for the 

current injected per module into the dc link. This is compared against the current drawn 

by the inverter to determine changes in dc link voltage. Both lookup tables are referenced 

by dc link voltage and rotor speed. 

Figure 5.16: SIMULINK model for generator rotor equation 

GENERATOR AND RECTIFIER POWER TRANSFER CHARACTERISTIC. 

The E-core, tuning capacitor and rectifier power transfer characteristic is obtained by us- 

ing a time stepping analysis, outlined in Appendix D, and the resulting power transfer 

performance calculated as rotor speed varies for fixed values of Vd,. The airgap power 

characteristic, Pac, for a single module of the 455 kW generator can be seen in Figure 5.18. 
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Figure 5.17: SIMULINK model for the injected dc link current 

Each line on the figure represents the power transfer through a single E-core and rectifier 

module onto the dc link for a constant value of Vdc as the rotor speed varies. As the rotor 

speed increases from standstill the emf of the E-core increases and, coupled with an increase 

in the resonant effect with frequency, leads to higher dc link voltages at which power can 
be transferred. However power can only be transferred to the dc link when the absolute 

magnitude of the voltage across the diode bridge is greater than the dc link voltage and so 

for a higher dc link voltage a higher rotor speed is required to provide the necessary voltage 

magnitude. As the speed subsequently increases above the power transfer cut-in level, the 

steady state power transfer characteristic would follow line 1 for a low value of Vdc. The 

steady state power transfer at a given frequency is found from the analysis of the operation 

of the circuit in Figure 5.9. An explanation of this is given in section 5.3.5. The build up 

of line 1 depends upon the increasing conduction time per half cycle as Ef becomes larger 

and larger than the dc link voltage with rotor speed. An eventual maximum power transfer 

is reached and this can be explained with the use of the circuit shown in Figure 5.19. 

An estimate for the maximum current from the E-core into the tuning capacitance and 

diode bridge circuit can be determined by considering the circuit shown in Figure 5.19 

where the dc link voltage is zero. When the dc link voltage is zero, the tuning capacitor, 
Cagy, is effectively short circuited and the diode bridge will be in its continuous conduction 

mode. This circuit is governed by, 

Vl moEf = Zllim (5.2) 
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Figure 5.18: Airgap power as rotor speed varies for constant Vd, 
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Figure 5.19: Maximum current from the F core 

Substituting expressions for the emf and impedance, assuming the resistance is much lower 

than the inductance, gives the following, 

kow = WLcllim (5.3) 

L,, and kq are constant values dependent on the design of the generator. Cancelling out 
the speed terms gives an expression for the maximum possible current from an E-core and 
into the dc link, 
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k 
It: m =L L, 

(5.4) 

When Vdc is greater than zero but the E-core voltage is large enough to ensure virtually 

continuous conduction of the diodes at the equilibrium position then the maximum steady 

state power transfer through the E-core will be given by, 

Plim = Vdcllim + Plosses (5.5) 

The E-core and rectifier losses are comprised of the copper loss, diode loss and iron loss. 

The copper loss and diode loss are proportional to the rms current in the windings and mean 
injected current flowing into the dc link and dominate the iron loss. As the current flowing 

is constant these losses will be virtually constant and therefore the power transferred from 

the airgap is constant. 

GENERATOR AND RECTIFIER MECHANICAL POWER INPUT CHAR- 

ACTERISTIC. Similar curves can be derived from the C,, information for the input 

mechanical power, P,,,, to a single module for a range of constant wind speeds as the rotor 

speed varies and these are shown in Figure 5.20 as solid lines. The dashed lines are the 

curves from the ac power transfer characteristic shown in Figure 5.18 for the low and high 

and high values of V&. During simulation the mechanical power to be balanced by each 

module is the power given by equation 5.1 divided by the number of stator modules. 

5.3.7 Deriving the Cp�tiax tracking control law 

Now the characteristic of the mechanical power input and airgap power of the generator 

versus rotor speed have been presented, it is possible to overlay the tables of Figure 5.18 and 
Figure 5.20 and obtain a Cp,,,, ax tracking control law. The wind turbine speed is controlled 
by balancing the electromagnetic reaction torque and the shaft torque. For example, if 

the control strategy is to keep Vdc constant, the generator airgap power might follow line 

1 on Figure 5.20 as the rotor speed varies. A step up in windspeed of 8 to 12 m/s would 

result in the generator mechanical power moving vertically up from point A on the 8 m/s 

curve to point B on the 12 m/s curve and then on to point C because of the resulting 
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Figure 5.20: Mechanical power in as rotor speed varies for constant windspeed 

acceleration due to the imbalance between P�a and Pay. This would increase the rotor speed 

until balanced operation was again reached where P�. is equal to Pac. However the resulting 

energy capture would be increased by about 10 % if a control strategy could be developed 

to change the level of Vdc to ensure point D is reached at Cpmax. 

For maximum energy capture the speed should be controlled to follow the Cpma= curve. 

This curve can be derived from the two look up tables shown in Figure 5.18 and Figure 

5.20. For any given wind and rotor speed a low and high value of Vdc exists such that point 

D, on Figure 5.20, is reached where the mechanical input power and the electrical power 

transfer capability balance with Cp = Cp�l. ax. The low value of V& corresponds to line 1 

on Figure 5.20 where the rectifier operates at high current and is inefficient. Extracting 

the relationship between rotor speed and the high value of Vd, for maximum power transfer 

leads to the graph shown in Figure 5.21 which can be used to determine the necessary Vdc 

setpoint for any particular rotor speed. 

However this is a quasi-static method as in the presence of rapidly changing turbulence 

the operational state of the wind turbine is displaced from the curve since the powers 

can no longer be balanced due to the dynamic loads. This loss in performance could be 
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Figure 5.21: Vdc setpoint versus shaft speed for optimal Cpmac tracking 

compensated for by using broad peaked C, curve aerofoils. However the benefits when 

compared with the fixed speed case are also reduced. So an algorithm that will track the 

Cp�, ax curve despite the turbulence of the wind or the dynamics of the turbine must be 

derived. 

A schematic of the control methodology can be seen in Figure 5.22. Below rated power 

the dc link voltage is altered to track maximum power with the pitch angle kept constant. 

Above rated power the controller will switch to the same pitch control algorithm, as outlined 

in Chapter 2, to ensure the generator is not overloaded. The relationship between the power 

angle controller and its usefulness in controlling the dc link voltage to achieve the required 

setpoint is outlined in section 5.3.12 after the dc link model and inverter models have been 

outlined. A further question now arises as to how to control Vdc during pitching action and 

this is discussed in detail in section 5.5.5. A dead band can be included to ensure a smooth 

transition between the two control options. The only measurement of wind velocity for this 

control scheme is to determine whether the wind is strong enough to make it economic to 

synchronise the generator to the grid or so strong that the generator must shut down for 

safety reasons. 
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Figure 5.22: Variable Speed Control Architecture for constant control ratio 

5.3.8 DC link modelling 

816 

The dc link, shown in Figure 5.9 is simply a capacitor and as such has the following equation 

governing the dc link voltage, 
Vdc . Cd, 

f I., Pdt (5.6) 

The input current to the dc link capacitor, I, ap, is the difference between the total current 

flowing into the dc link and the current flowing into the inverter. The current flowing into 

the link is the sum of the currents out of the generator and rectifier modules, Ids, and the 

inverter current, Itny, is determined by the power transfer into the grid. The initial dc 

link voltage is set so that the wind turbine is operating on the Cp�+az curve at the initial 

windspeed. 

DC LINK SIMULINK MODEL. The dc link voltage is governed by equation 5.6 and 

the implementation on SIMULINK can be seen in Figure 5.23 where the inverter current is 

calculated as presented in the next section. The initial value of the dc link voltage is set to 

equal the required value for Cpmax tracking, as shown in Figure 5.12. 
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Figure 5.23: DC link SIMULINK model 

5.3.9 Inverter configurations 

It is unlikely that a single six pulse naturally commutated inverter using thyristor technol- 

ogy would satisfy the harmonic distortion levels for grid connection without further bulky 

and expensive filtering. Therefore a 6n pulse forced commutated voltage source inverter 

configuration using insulated gate bipolar transistor (IGBT) technology would be more ap- 

propriate. Many configurations exist and several of the most suitable for the permanent 

magnet generator and multi-pulse rectifier are compared in [96]. When considering each 

option to determine its performance and its applicability to the generator and multi-phase 

rectifier, there are three main considerations to take into account: 

1. Setting of the dc link voltage level and corresponding transformer ratio. 

2. Harmonic distortion of the terminal voltage and switching loss. 

3. Overall frequency converter and transformer cost 

The purpose of this thesis is not to ascertain which scheme is best but rather to develop a 

control methodology that will enable the fixed and variable speed operation of the perma- 

nent magnet generator to be compared. Overall the greater the number of six pulse inverters 

that are paralleled together and phase displaced, the lower the resulting total current har- 

monic distortion (TCIID) into the grid. For a twenty four pulse inverter, the TCHD is 1.545 

% which compares with 8.326 % for a single inverter using selective harmonic elimination 

(SHE) as the means for reducing harmonic distortion. However the cost increases with 
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each additional inverter and therefore a trade-off must be determined. The 12 and 24 pulse 

inverters and single SHE controlled inverter have a good mix of characteristics and are well 

suited to the proposed permanent magnet generator and multi-phase rectifier design. It is 

important to understand their operation and this is discussed in the next section for the 

case of an SHE controlled voltage source inverter using IGBT technology. The discussion 

is limited to this case as this is the model used in the simulations to derive suitable control 

strategies for the variable speed wind turbine. However the simulation model can easily be 

adapted to represent the case of the 12 and 24 pulse inverters by adjusting the relationship 

for the control ratio of the inverter. 

5.3.10 Inverter modelling 

An inverter requires several switching devices to operate in unison to sample a dc voltage 

in such a way that an alternating voltage waveform is created at the output terminals. 

Several families of semiconductor switching devices have been used in the past, based on 

both thyristors and transistors, but now the insulated gate bipolar transistor (IGBT) is 

coming into its own with good power and switching capabilities [99]. IGBT's have a simple 

gate firing control like MOSFET's [100] but have a much higher power capacity and are 

assumed as the basis for the discussion of inverters in this thesis [101]. 

The individual modelling of the IGBT's within the inverter is not strictly necessary to 

devise control strategies for the operation of the wind turbine as the time scale of control 

of the wind turbine is far greater than that of the individual switching of the transistors. 

However the rating of the transistors must not be exceeded to ensure the safe operation of 

the inverter and the mechanisms for controlling the power flow through the inverter must 

be understood to allow a suitable dynamic model to be developed. 

IGBT PERFORMANCE. For present purposes the IGBT performance can be described 

in terms of a power transfer capacity and a voltage breakdown limit. Furthermore it is 

assumed that sufficient heat sinking is available so that the power dissipation of the IGBT's 

is not exceeded. The controller of the dc link voltage, described in section 5.3.11, must not 

act to exceed either of these two limits of the IGBT or the IGBT's performance would be 

compromised. This is the only consideration of the individual IGBT's in the thesis. Once 

the characteristic w- Vdc curve for the setpoint of Vd, to track Cpmas has been evaluated an 
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IGBT module can be chosen to ensure its breakdown voltage is greater than the maximum 

required voltage for tracking Cpmax over the range of variable speed operation. The power 

and voltage breakdown capacity of an individual IGBT may be enhanced by the parallel 

and serial connection of several IGBT's to form a single firing leg of the inverter. This 

would however lead to a large increase in the required number of gates and driving circuitry 

and therefore proper sizing of the IGBT's is essential to keep costs down. This is discussed 

further in the next chapter. 

SINGLE INVERTER DESCRIPTION. An equivalent circuit for a typical six pulse 

inverter can be seen in Figure 5.24. Each leg of this voltage controlled inverter can be 

fired separately to create a variety of waveforms by suitable switching of the individual 

transistors. The transistors are marked 1-6 in the order they are switched on and remain 

switched on for one half cycle. The potential at X, Y, Z will then be three square wave 

voltages with amplitude phase displaced 120 degrees from each other. The potentials 

of the individual legs X, Y, Z of the inverter would change as shown in Figure 5.25. 

Vdc 

Figure 5.24: Equivalent Circuit for Inverter 

PHASE CONTROL. By delaying the firing of each limb of the inverter the fundamental 

of the output voltage can have any phase delay between 0 and 360 degrees. This allows 

control of the real power flow into the grid. 

OUTPUT HARMONIC CONTENT. Fourier analysis of the square wave phase volt- 

ages, presented in Figure 5.25, shows that they consist of odd harmonics with rms values 
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Figure 5.25: Potential Waveforms 

given by, 

V(n) = 0.9 
2n` 

= 
0n5Vdc 

n odd (5.7) 

where n is the order of the harmonic and is always odd. The phase to phase voltages can 
be calculated as the difference between corresponding phase voltages and have the same 
harmonics as the phase voltages. When the output of the inverter is connected via a 0- 

Wye transformer the triplen harmonics are eliminated and the output phase voltage is given 
by, 

/3-0 45 0.78 V(n) = Vdc = Vdc n=1,5,7,11,13,... (5.8) 
nn 

5.3.11 Harmonic output and voltage control 

The low order harmonics present in the output from the inverter can cause damage and 
losses within the power network and the connection requirements of the National Grid 

Company limit the permissible level of the Total Harmonic Distortion (THD). There is also 

a limit on the allowable voltage fluctuation at the terminals of the transformer of between 

+6 and -10 % [93]. To reduce the level of harmonics and alter the output voltage level 

from the inverter to within the necessary range, the inverter can be further controlled in 

one of three ways: 
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1. Varying the input dc voltage by using a controlled rectifier. 

2. Varying the output voltage by using some form of ac converter. 

3. Waveform modulation which can either be achieved by building an output as a differ- 

ence between two or more phase shifted voltages or by pulse width modulation. 

The last control method and in particular pulse width modulation is a method which could 

easily be employed in wind turbine applications and will now be discussed in greater detail. 

PULSE WIDTH MODULATION. Pulse width modulation implies that the square 

waveform of the output voltage is changed by additional commutations and that the phase 

potential will change sign several times during each half cycle. The main purpose of pulse 

width modulation is to change the ratio of the fundamental component of the ac voltage 

to the dc voltage. As this ratio decreases there will at the same time be an increase in 

the harmonic content of the output ac waveform. However with the use of a well designed 

switching strategy selective harmonics can be eliminated or reduced significantly. Individual 

harmonics are normally quoted as a percentage of the fundamental with a measure of the 

total harmonic distortion (THD) introduced given by, 

k- (EVri)) (5.9) 

with harmonics of order greater than 25 usually neglected. A typical allowed level for the 

THD at 10 kV is 3% [102]. 

Several switching strategies are common in inverter control and each have their drawbacks 

and advantages. Firstly, simple strategies such as center and end pulse modulation of the 

waveform can be used to control the magnitude of the fundamental but the harmonic content 

of the output voltage cannot be controlled and is usually unacceptable unless some form of 

additional filtering is used. Secondly, selective harmonic elimination by means of voltage 

reversal can be used which allow the fundamental to be controlled and certain harmonics to 

be eliminated. Each voltage reversal gives one degree of freedom to eliminate a harmonic or 

control the fundamental. Finally sinusoidal pulse width modulation can be used where the 

level of certain low order harmonics are reduced whilst the less harmful high order harmonics 

are reinforced. The sinusoidal reference voltage and triangular voltage must have a high 

enough frequency ratio as this determines the order of the harmonics to be reinforced. 
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Figure 5.26: Voltage Reversals for Selective Harmonic Elimination 

The two methods, selective harmonic elimination (SHE) and sinusoidal pulse width mod- 

ulation (SPWM), are both used extensively to control the output of inverters [103] [104]. 

However SPWM was really devised with analogue switching devices in mind and the use of 

the new IGBT's with microprocessor control facilitates the storage of the switching strate- 

gies for SHE in the EPROM of the controller. An example of selective harmonic elimination 

will now be used to illustrate such inverter control. 

SELECTIVE HARMONIC ELIMINATION. A switching strategy for the inverter 

of the type shown in Figure 5.24 is required for the elimination of the 5th and the 7th 

harmonics whilst retaining control of the fundamental. Three reversals of voltage per half 

cycle are required to give the necessary control of the fundamental and eliminate the two 

odd harmonics. A waveform of such a phase voltage can be seen in Figure 5.26. The notches 

are placed symmetrically about the centre line of the half cycle. The equation governing 

the rms value of the nth harmonic of the waveform is, 

V (n) =14 
Vd0 

-f 
al 

sin nada +/2 sin nada +""" 
ý90 

sin nada (5.10) 
"_r 

2o J«1 aP 

= 
0.45 

Vdc 2 cos na cos na + cos na 
n( i- a3-... )-1] (5.11) 

Control of the fundamental and elimination of the 51h and 7th, will result in a system of 

transcendental equations which can be solved to give the required angles of reversal and 

the size of the 11th and 13th harmonic in relation to the fundamental as the control ratio is 
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changed. The control ratio, Kvdc, is the ratio of the fundamental of the rms output voltage 

of the inverter to the fundamental of the unmodulated waveform and is the bracketed term 

of equation 5.11. So for a given control ratio the angles must be determined to eliminate the 

chosen harmonics and give the required control ratio. The fundamental of the unmodulated 

waveform is given by equation 5.11 with the bracket equal to one and n=1 and hence the 

control ratio is defined as, 

Kvdc =V 
(l) 

0.45Vd, 
(5.12) 

The variations of the required switching angles for elimination of the 5th and 7th harmonics 

versus control ratio are shown in Figure 5.27 [102]. The angles are undefined for control 

ratios greater than 0.9 and therefore the control ratio can be varied in the range 0 to 0.9. 

For selective harmonic elimination schemes the fundamental voltage at the output terminals 

of the inverter is always much less than the dc link voltage and therefore a larger turns ratio 

transformer is typically required to step up the voltage to the grid connection level than for 

other schemes. 

Furthermore as the fundamental is controlled by varying the control ratio the next two 

highest harmonics will vary as a percentage of the fundamental as shown in Figure 5.28. 

This means that providing three suitable angles are chosen the 5th and 7th can be eliminated 

and the magnitude of the fundamental controlled. Such a scheme can be extended to 

eliminate as many harmonics as required with the only limitation being the switching loss 

and switching time, especially in higher power and frequency applications. The angles 

could be stored as a lookup table in the memory of the microprocessor control unit and an 

interpolation routine could be used to give intermediate points. 

5.3.12 Overall inverter to grid representation 

Now that the operation of a single inverter has been introduced it is necessary to outline how 

the output power can be transmitted to the grid. The overall description of the proposed 

dynamic representation of the inverter interaction with the infinite bus is the same as for 

an ideal synchronous machine. Therefore it can be represented by the phasor diagram of 

Figure 5.29. 
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Figure 5.27: Switching angles for the elimination of the 5th and 714 harmonics with control 
of the fundamental by means of voltage reversal 

REAL AND REACTIVE POWER CONTROL. The fundamental of the r. m. s ter- 

minal voltage of the inverter is represented as a variable proportion of the dc link voltage 

by the control ratio which leads to, 

V(1) = 0.45Kvd, Vd,: (5.13) 

where KVdc is the control ratio. Figure 5.28 shows the variation of the lowest of the 

remaining harmonics with control ratio which can be varied from 0 to 0.9 until the switching 

angles become undefined. The power angle, ö,,,, is defined for the variable speed case as the 

angle between the terminal voltage of the inverter and the infinite bus. The power angle, 

therefore, still sets the power flow into the grid. The power angle, and hence power flow 

into the grid, can be varied almost instantaneously, by adjusting the delay of the switching 

of the inverter firing angles. The firing angles are typically stored in a look up table and 

a delay is included in the model of the inverter to represent both the delay in accessing 

the table and the measurement by a zero crossing device to evaluate the power angle, b,,,. 

The real three phase electrical power into the grid, assuming the transmission line can be 
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Figure 5.28: Variation of the 11th and 13th harmonics versus control ratio with elimination 
of the 5th and 7th harmonics using three switching angles 

represented by a pure reactance, is given by, 

P= 3V(1)V8, 
sin 5,,, (5.14) 

The reactive power flow, likewise, is governed by, 

3Xy' 
(V(1) Cos b", - Vv, ) (5.15) 

It is the balance between controlling ova and V(1) that is important when looking at control 

techniques of the inverter. 'Y 

INVERTER AND VARIABLE SPEED CONTROL. By controlling the start of the 

sequence of inverter firing angles it is possible to control the power output of the inverter 

to the grid. The phase of the fundamental of the terminal voltage of the inverter can be 

altered with respect to the measured phase of the infinite bus voltage and thus change 

the effective power angle, ö,,,, between the fundamental terminal voltage of the inverter 

and the infinite bus voltage. In one PWM switching scheme the zero crossing point of the 
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Vll) 

I 

Figure 5.29: Phasor diagram of the inverter connected to the infinite bus 

system voltage at the infinite bus is measured and transmitted to the inverter switching 

controller. This is then used to evaluate the required switching pattern. The power loss 

due to switching within the inverter is modelled by assuming a constant efficiency of 97%. 

The power transmitted to the grid by the generator is given by, 

P_ 3V(1)Vaya 
sin ö X va 

a 
(5.16) 

where V(1) is related to the dc link voltage, Vd,, and control ratio by equation 5.13 and 

X. is the reactance of the transformer and transmission line to the infinite bus. The dc 

link voltage, Vdý, varies due to the charging current flowing into the capacitor which is 

calculated from the difference between Ids and Ii,,,, as shown in Figure 5.1. Changing the 

angle, ö,,,, alters the power flow into the grid and hence the required current flowing into 

the inverter. The relationship between the inverter current and power angle, 5,,,, can be 

found from a consideration of the power flow across the inverter, which must be balanced, 

and substituting in Vd, using equation 5.13. This gives, 

Pinv = 0.97Vdclinv = 
3V (1 Vaya 

5111 6va (5.17) 

Iinv = 
1.31I1ä 

cVaya s1I10v, (5.18) 

A change in ö�a leads to a change in I; n� which results in a change in Vdc, provided the control 

186 



5.3 Variable Speed Wind Turbine Modelling 

ratio and injected dc link current remain the same. The mechanical power input from the 

rotor and the power transfer capability of the generator and rectifier unit will then be at 

different levels. This leads to a change in rotor speed and provides the ability to alter Cp. 

The SIMULINK block diagram representing the interaction of the inverter and its controllers 

is shown in Figure 5.30. The `Delta' controller block diagram is introduced next with the 

`Q setpoint' block diagram introduced in section 5.4. The block to calculate the inverter 

current is the SIMULINK implementation of equation 5.18 and the blocks to calculate the 

real and reactive power out are the SIMULINK implementations of equations 5.14 and 5.15 

respectively. 

Figure 5.30: SIMULINK model of the inverter and its controllers 

INVERTER CONTROLLER SIMULINK MODEL. The expanded SIMULINK block 

for the inverter firing angle controller to control the power angle, which is shown as the `delta 

control' block on Figure 5.30, can be seen in Figure 5.31. The values of the PID controller 

are determined by running the simulation several times to find the best response and this is 

discussed in greater detail in section 6.1.3. The inputs to the model are the measured and 

setpoint values of Vdc for Cpmaz. The output is the new b,,, setpoint which sets the delay 

for the firing angle of the inverter and hence alters the current, drawn by the inverter 

and in subsequent time steps the dc link voltage. 

5.3.13 Implementation on Simulink 

The variable speed scheme is shown in Figure 5.32. The initial conditions for the simulation 

are determined from the initial windspeed. This sets the rotor speed for the wind turbine to 
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Figure 5.31: SIMULINK implementation of the Vdc setpoint controller 

be operating at Cpmax and hence the required dc link voltage from the w- Vdc characteristic. 
Once the value of w and Vd0 are known the values for the corresponding airgap power and 

current injected into the dc link can be found from interpolation within the 2D lookup tables 

discussed in section 5.3.6. The control ratio of the inverter is set to give nominal inverter 

terminal voltage. The inverter current is set to equal the current flowing into the dc link 

and substituting this value for I;,, � into equation 5.18 gives the initial value for the power 

angle, ö,,,, between the inverter terminal voltage and the infinite bus. At each subsequent 

time step as the windspeed varies the power angle between the inverter and the infinite 

bus and the control ratio of the inverter are controlled to track Cpmax and maintain rated 

voltage. As w and Vdr vary with the wind speed the values for the airgap power extracted 

from the shaft and the injected dc link current are evaluated from the 2D lookup tables and 

used to determine what change in rotor speed and dc link voltage occur. 

One key aspect that must be addressed is the interpolation routine that is used to find 

values of airgap power, Pa,, and dc link current, Ide, from the lookup-tables, described in 

the previous sections, as the rotor speed and dc link voltage change in response to the wind 

time history used as input to the model. This interpolation routine is essential for the 

accuracy and smooth running of the simulations. 

INTERPOLATION TECHNIQUES. There are several interpolation techniques that 

are available in MATLAB and the one used is based on cubic spline interpolation. Some 

extrapolation of the performance data returned from WINDVARP is necessary to ensure 

accurate interpolation. Firstly the output data from WINDVARP was rearranged into two 
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Figure 5.32: Variable speed wind turbine model 
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Figure 5.33: Extended power curves for accurate interpolation 

2D tables representing the ac power transfer characteristic, Pa,, and the current injected 

into the dc link per module indexed by monotonically increasing rotor speed and dc link 

voltage indexes. Then the tables were expanded beyond the bounds of physical reality. This 

ensured that the interpolation space was sufficiently covered to minimise error. The type 

of error that can occur with a non-linear table can be seen in Figure 5.33. 

The non-linearity causes the values returned from the interpolation routine in the region 

abcd on Figure 5.33 to follow the curve shown instead of bisecting the two characteristic 

curves either side as would be expected. Expanding the curves as shown, and being careful 

to set the output from the tables to zero when outside the bounds of physical reality, led 

to a reduction in this type of error. 

5.4 The parameters of the variable speed system 

The purpose of this section is to outline the derivation of the parameters for the permanent 

magnet generator and rectifier, dc link and inverter. The overall design procedure for the 

wind turbine is the same as outlined in Chapter 3 except now the tuning capacitance must 

be chosen to ensure an appropriate power transfer characteristic between the wind and the 

generator and rectifier unit. Several design drivers are identified and these are used to 

quantify the design interactions for generator ratings from 200 kW to 1.5 MW, a typical 
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range for wind power applications. 

5.4.1 Overall design procedure 

The required diameter of the blades is found, as before, by rearranging the equation for the 

power in the wind to give, 

diameter = 
8P"om (5.19) 

CPnom7r 7r P1 nom 

but with C7, 
,, 1 set to equal Cp�, ax, assuming ideal tracking. This leads to blades with 

slightly less diameter than the fixed speed case being required for the same rating or what 

is more likely a slightly increased generator rating. 

The cut-in wind speed is still determined by the level at which useful power is delivered 

to the grid which now depends not only on the losses in the generator but also on the 

losses of the rectifier and inverter. The cut-in wind speed also sets the minimum rotational 

speed of the rotor assuming the wind turbine operates at the optimum tip speed ratio. The 

minimum rotor speed as a function of rated rotor speed will be given by, 

"min Vcut-in 

Wrated Vrated 
(5.20) 

The rated rotational speed of a wind turbine is still constrained by the tip speed which 

should be typically between 50 and 70 m/s for minimum noise generation. Hence, for a 

given nominal wind speed and the calculated diameter, a particular rated rotational speed 

is given by, 

diameter 
>- wr diame ter 

(5.21) 

The maximum rotational speed is set such that the limits imposed by the insulation re- 

quirements for the generated voltage in the E-core and the power transfer capability are 

not violated. Furthermore as the rotor speed increases the dc link voltage increases for a 

given current limit in the tuning circuit to maintain the correct power transfer. Therefore 

the speed is restricted to prevent the dc link voltage from being so great as to break down 

the blocking voltage level of the IGBT's in the inverter. 

The rated rotor speed fixes the number of pole pairs required to give 55 Hz generation 
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and, using the magnetic circuit described in section 3.1.5, the outside diameter of the 

rotor. The maximum number of E-cores is given by dividing the circumference of the rotor 

by the standard E-core width of 75 mm. It is no longer necessary to arrange the winding 

connections to give a satisfactory output voltage or have a multiple of three E-cores and this 

gives more scope in sizing and setting out the E-cores, which are now uniformly distributed 

around the rotor. 

5.4.2 WINDVARD, WINDVARP, WINDVOUT -A variable speed per- 

manent magnet design suite 

Three linked programs, WINDYARD, WINDVARP, WINDVOUT, that enable a full range 

of variable speed permanent magnet generators to be designed have been written by other 

members of the Wind Energy Research Group at Durham. The functionality of each pro- 

gram and how it has been used to generate suitable designs for range of typical wind turbines 

ratings is now outlined. 

WINDVARD. The required specification in terms of the wind turbine blade diameter, 

rotational speed, mean windspeed at hub height and coefficient of performance data are 

entered first and a nominal power rating is found. One key difference between the fixed 

and variable speed design process is that the frequency is not limited to 50 Hz and for the 

reasons given in the first section of this chapter 55 Hz is considered a good value both in 

terms of reduced cost but also because a better power transfer characteristics is obtained for 

the tuning circuit. The standard module sizes for both the rotor and stator are then chosen 

from a selection which satisfy the design constraints of demagnetisation current, required 

frequency of operation and electric loading. 

Once the basic design is entered a magnetic circuit analysis is carried out to find the values 

of generator reactance, resistance and the generated emf. A phasor analysis, assuming a 

sinusoidal E-core voltage, is then carried out to determine the level of power transfer per 

stator module at rated frequency for a range of tuning circuit capacitances. The method 

for this is given in Appendix D. The level of tuning capacitance is chosen so that the total 

power transfer for the given number of stator modules per ring satisfies the thermal loading 

of a whole generator ring. The minimum number of rings to satisfy the thermal loading 

is chosen by the user. This means that the variable speed generator design can be very 
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economical in the material used for a given power rating. The program then moves onto 

the performance section. 

WINDVARP. This program requires the user to enter a rotor speed range and a dc link 

voltage range to establish a prediction of the generator power transfer performance and, 
hence, ascertain the effectiveness of the design over the entered range. For every step in 

rotor speed through the range the program evaluates the level of the dc link voltage at 

which power is transferred and then outputs the variation as the dc link voltage is reduced 
from this value by a user defined decrement. 

WINDVOUT. This program outputs all the values from WINDVARD and WINDVARP 

and returns values for the masses of the key generator parts. Weight is a crucial design 

criteria in wind turbines as a low tower head weight leads to a lighter tower structure and 

overall cost savings. The returned values for the weights are used to calculate the inertia 

of the rotary parts of the generator. This calculation is the same as presented in Chapter 

2 except the stator inertia is not considered as it is stationary for the variable speed case. 

5.4.3 Tier Number 

As explained in Chapter 2 several tiers are mounted in parallel on the rotor shaft to enable 

the power to be transmitted to the grid without violating the thermal loading constraint on 

the E-core windings. The lack of a requirement to design for the compliant mounting means 

that the minimum number of tiers can be used. This leads to substantial weight savings. 
The number of tiers is incorporated into the variable speed model as the mechanical and 

electrical power per module must balance for steady state operation. 

5.4.4 The choice of dc link capacitance 

The dc link capacitance is chosen to be 4000 µF as this is a sufficiently large value to ensure 

a smooth dc link voltage during switching transients. The variation of the performance as 

this value is varied is presented in Chapter 6. 
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5.4 The parameters of the variable speed system 

5.4.5 Variation with generator ratings 

It is now appropriate to consider the change in the key parameters as the generator ratings 

vary for units which are considered to be well designed in light of the arguments presented 
in the previous sections. The key parameters for a range of variable speed generator ratings 

typically found in wind turbine applications can be seen in Table 5.2. 

Rating 200 kW 455 kW 750 kW 1 MW 1.5 MW 
Stator OD (m) 2.15 2.59 3.12 3.65 4.52 

Design frequency 55 55 55 55 55 
Rated rotor speed (rev/min) 44.8 36.1 29.1 25 20 

No. of Poles 148 184 226 264 330 
No. of Tiers 1 2 2 2 3 

No of stator modules per tier 80 98 120 142 178 
Tuning capacitance 25 pF 33 pF 33 pF 33 pF 33 µF 

Rotor inertia 38680 178400 649400 1139000 3185000 
Total generator weight 3990 8270 12260 15630 28520 

Table 5.2: Variable speed generator Parameters 

As expected the stator diameter increases with generator rating because the lower rated 

rotational speed with generator rating requires more poles to generate a nominal 55 Hz. The 

generator weight also increases with generator ratings but, just as in the fixed speed case, 

the rotor inertia is dominated by the wind turbine blades and there is not much difference 

between the fixed and variable speed rotor inertias. However there is a marked difference 

in generator weight because of the reduced number of tiers and this is discussed in more 

detail in Chapter 7. The level of tuning capacitance is chosen to match the input power 

characteristic from the wind with the power characteristic across the E-core and rectifier 

modules of the generator. Further work could be carried out to optimise the capacitance 

level in terms of choosing the minimum cost capacitance that would achieve the desired 

tuning effect. The value of 33 µF was found to be adequate across the range except for the 

200 kW rated generator which needed less capacitance to avoid excessive resonance over 

the speed range of operation. 

5.4.6 Data post-processing 

The performance data output from WINDVOUT is post-processed both in EXCEL, as 

presented in Chapter 3, and also in MATLAB to create the lookup tables necessary for the 
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5.4 The parameters of the variable speed system 

variable speed simulation. 

POST-PROCESSING ON EXCEL. The design data has again been implemented on 

a spreadsheet using Microsoft Excel [84] in a similar manner to that presented in Chapter 

3. This simplifies the procedure for evaluating the necessary parameters for the Simulink 

models as just a few values from the printed output from WINDVOUT are required and 

the rest of the values are updated automatically using simple mathematical formulae. For 

instance equation 3.8 is used to calculate the rotor inertia. An example of the spreadsheet 

is included for completeness and can be seen in Figure 5.34. The values taken from the 

output of WINDVOUT are highlighted in bold. 
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Figure 5.34: Variable speed generator parameter spreadsheet 

POST-PROCESSING ON MATLAB. The performance data output from WIND- 

VOUT is used to form the power transfer characteristic and is discussed in the next section. 

To do this the data is read into MATLAB and rearranged from constant speed information 
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5.5 Further control issues for a variable speed wind generator 

into constant voltage information. Further post-processing is also carried out to get the data 

into the monotonically increasing form that is required for accurate data interpolation. 

5.5 Further control issues for a variable speed wind gener- 

ator 

It is now appropriate to consider the further control options that are necessary for a variable 

speed wind generator to ensure that the perceived advantages presented in the first section 

of this chapter can be realised. The major control aim is to track the Cp curve in below 

rated wind speeds to enhance the energy capture but equally as important is the need to 

control terminal voltage, reactive power and the interaction with the pitch controller. 

5.5.1 Reactive power control for an embedded generator 

So far the discussion on the control of the variable speed wind turbine has focussed on the 

ability to alter the real power flow through the inverter and thereby alter the rotor speed 

to track Cpmar. This is a very important facet of the inverter performance but equally 

important is the ability to alter the control ratio, KVdc, to maintain a constant terminal 

voltage even though the dc link voltage is varying. The wind turbine is typically considered 

to be an embedded generator, i. e. it is connected to the distribution network below 33 

kV. An illustration representing the concept of embedded generation can be seen in Figure 

5.35. Case (a) represents a direct connection to a fixed bus and case (b) shows the case 

where the generator is still connected to a fixed bus but there is a load tapped off before the 

connection to it. This places more stringent requirements on the quality of the generated 

power and voltage. 

For the case of Figure 5.35 (a) neither the voltage nor the frequency of the grid can change 

and so the only question is how to maximize the power flow into the grid whilst minimising 

the cost of the reactive power. However for the case of Figure 5.35 (b) it is important that the 

voltage level at the load is within the statutory requirements of the connection agreement. 

In general the voltage level is not fixed for economic reasons but is allowed to vary in a 

tolerance band about a set of preferred levels. The performance of the distribution network 

is then measured in terms of freedom from interruptions and maintenance of satisfactory 
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Figure 5.35: Grid Connection Configuration 

voltage levels at the loads, i. e. customer's premises. Too high a steady state voltage will 
lead to reduced light bulb life, reduced life of electronic components and other types of 

apparatus. On the other hand too low a steady state voltage causes lowered illumination 

levels and problems with heating devices and motors. 

Several methods exist for altering the voltage at the load, tap changing autotransformers, 

generator voltage regulation and capacitor correction. The permanent magnet, synchronous 

generator has no generator voltage regulator because of the permanent magnet excitation 
but the output voltage of the inverter can be altered by altering the control ratio. 

Considering the phasor diagram of power being transmitted along a short transmission line, 

whose sending end voltage is being controlled, gives the equation for reactive power as, 

3V, v. (V(1) Cosöv8 -V 3) (5.22) 

There is no control of reactive power in the variable speed case presented in section 5.3 

because V(1) is proportional to Vd, which, with a constant control ratio, is proportional to 

the speed of the generator rotor via the w-Vdc characteristic. The power angle, b,,,, between 

the inverter terminal voltage and infinite bus voltage has a value which alters the current 

drawn by the inverter and thereby controls Vd,. However, when using voltage controlled 

inverters, the ratio between Vd, and V(1) can also be changed and therefore the reactive 
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5.5 Further control issues for a variable speed wind generator 

power, Q, can be altered. A control scheme of the form shown in Figure 5.36 might thus 

be likely depending on the value of supplying real or reactive power. 

0) Vdc setpointj Controller to alte Ovs 
the power angle, S Measured Vdc 

(a) Alter 8 to track Cpmax 

Q setpoint Controller to alter the Kvac 
Measured Q+ inverter control ratio, ! IýSlj 

(b) AlterKvdc and hence V(1) to maintain Q setpoint 

Figure 5.36: Power Control Scheme 

There are two control handles, V(1) and ö,,,, and these are used to control the real power, 

P, and reactive power, Q. The Q setpoint could be set to balance the Q demand of the 

load and voltage drop due to the transmission line. The SIMULINK blocks for the KVdC 

controller can be seen in Figure 5.30. 

5.5.2 Further control issues in variable speed operation 

So far the main aim of the work in modelling the variable speed wind turbine has been to 

evaluate the effectiveness of a controller to track the Cpmax curve for maximum real power 

transfer into the grid and to ensure the output of the inverter remains within the statutory 

grid connection requirements. However there are several other control issues that must be 

addressed for the commercial operation of such a wind turbine. 

1. What signal should be used to control Vd, whilst the pitch controller is in operation. 

2. How can ö,,, be measured and incorporated effectively into a control hierarchy? 

3. How valid are the assumptions made in developing the variable speed model. 

The first two stem from the likely connection of such a system to the utility distribution 

network and not directly to the high voltage grid. The last point can only really be tackled 

through the use of test rig validation and this is discussed later. 
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5.5 Further control issues for a variable speed wind generator 

CONTROLLING Vdc DURING PITCH CONTROL. It is imperative to limit the 

power out of the generator to its rated value to ensure safe and economic operation. To 

do this pitch control is used to limit the power into the main shaft. The question that 

has not been addressed yet is how to control the dc link voltage whilst in this mode of 

operation. The pitch actuator takes a finite time to respond to any demand and there will 
be changes in both rotor speed and hence the power transfer capability of the generator 

rectifier unit. Balanced operation still needs to be achievable and hence some control of 
Vdc must be maintained. Perhaps the easiest way to do this would be to keep Vdc constant 

above rated wind speed. Such operation can be seen in Figure 5.37 for a step increase in 

windspeed from the rated windspeed, 12 m/s, to 14 m/s. 

Initially the generator is operating at point a which lies on the intersection of the Cpmax 

curve and the line representing the-mechanical power at a windspeed of 12 m/s. At the 

instant of the step up in windspeed, the mechanical input power increases to point b on the 

14 m/s curve. Without any pitch control and keeping Vdc constant above rated windspeed, 

the power imbalance between the mechanical power in and airgap power out of the generator 

would result in an increase in rotor speed. Eventually point c would be reached, where the 

mechanical power and airgap power are again balanced. If the pitch controller then operated 

to limit the power into the shaft, the 14 m/s power curve would be reduced by the pitch 

angle, P. If constant Vdc is still maintained, point d would then be reached at the intersection 

of the constant Vd, line and the curve for mechanical power at a windspeed of 14 m/s with a 

pitch angle of 4 degrees. This is, however, very dose to the original rotor speed and Vdc level 

if the Cp,,, ax tracking strategy for below rated windspeeds were maintained. This suggests a 

control scheme where no change should be made to the method of deriving the setpoint dc 

link voltage for above rated wind speed conditions, i. e. still base the setpoint dc link voltage 

on the one derived for Cpmax tracking. This would be an easy control scheme to implement 

and hopefully would not lead to large dc link voltage variations with good pitch control. A 

further benefit of this approach is that, when the windspeed reduced below rated windspeed 

subsequently, the voltage should already be right for Cp,,, ax tracking. Alternatively similar 

curves to the w- Vd, curve presented earlier to track Cp,,,, ax could be derived which are 

modified by the effect of the pitch angle, P. This would give the control scheme as seen in 

Figure 5.38. These strategies for controlling a pitch controlled wind turbine and variable 

speed operated generator are explored in more detail in Chapter 6. 
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Figure 5.38: Vdc control during pitch control 
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5.5 Further control issues for a variable speed wind generator 

MEASURING ö,,,. The control to maximize the real power into the grid described in 

the previous sections is dependent on measuring the zero crossing point of the infinite bus 

voltage to determine the delay time for the correct setting oft,,. The question arises as 

how can 5,,, be measured if access to the infinite bus which may be many miles away is 

limited? 

If the zero crossing point of the system voltage is measured at some remote point to the wind 

turbine and relayed via a radio transmission link to it, there will be some finite measurement 

and transmission time delay resulting in an error in the value of the ö,,,. The reactance to 

the grid, X� which determines the power transfer capability of the generator will now be 

the total reactance to the point of measurement. The delay and error mean that the actual 

power delivered to the grid will in fact be slightly different to the power calculated from 

the b,,, measurement. This means that some adaptive control for setting the firing angles 

of the inverter to give the correct ö,,, may be needed. 

5.5.3 Overall proposed control scheme 

The overall control scheme showing the key control loops can be seen in Figure 5.39. An 

over-speed condition is included to cater for variable speed wind turbines which have a limit 

on the upper speed because the extra cost to cater for the increased speed range does not 

outweigh the derived benefits. 

The effective windspeed, U,,,, which includes for the purposes of the schematic all the ro- 

tational effects, is substituted into equation 5.1 to evaluate the shaft power from the wind 

which is dependent on both tip speed ratio and pitch angle. The difference between the 

mechanical power in and electrical power out at the airgap determines the change in rotor 

speed which is then used to determine the new value of Vdc for maximum power tracking 

provided the power is below rated. Above rated power pitch control is used and C, is no 

longer a maximum but is reduced by pitch the blades. The power angle is altered to effect 

this change in Cp and as the dc link voltage varies as a result of this control the control ratio 

of the inverter is altered to maintain either constant terminal voltage or a reactive power 

setpoint. The interactions within this control scheme are examined in the next chapter to 

show that neither the tracking of Cpmax for maximum power transfer nor the independent 

control of real and reactive power are easy to achieve. 
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Figure 5.39: Overall Control Scheme 

5.6 Concluding remarks 

This chapter has described the theory and modelling effort that has been undertaken to de- 

velop a SIMULINK model of a variable speed, multi-pole, permanent magnet, synchronous 

generator and frequency converter suitable for a wind turbine. The key parameters for a 

range of generator ratings have been presented and the development of control strategies to 

gain as much advantage from variable speed operation as possible outlined with respect to 

a 455 kW rated generator. The performance of the generator with those control strategies 

is presented in the next chapter. The models presented in this chapter have been collated 

into the form of the SIMULINK library presented in Chapter 1 from which many configu- 

rations of variable speed wind turbine can be developed and their performance and control 

simulated easily. 
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Chapter 6 

Variable Speed Results 

n the last chapter the case for variable speed operation was presented in terms of in- 

creased energy capture, load alleviation, power smoothing and noise reduction. Several 

schemes for the frequency converter connection were identified and the modelling effort for 

the chosen scheme described. The control mechanisms and performance of that scheme 

are now outlined using several key results from the full non-linear simulation developed in 

section 5.3. 

The main aim of this chapter is to explore the effects of the inverter control and pitch 

control on the performance of the variable speed wind turbine in order to develop the 

control strategy presented in section 5.5 and evaluate how the potential benefits of variable 

speed operation can be achieved. Therefore the results presented gradually build up the 

picture of the overall control interactions by introducing each controller in turn to the model. 
The performance can then be used to compare the fixed and variable speed designs and this 

is carried out in Chapter 7. 

Firstly, results are presented for a series of step increases in windspeed with no rotational 

effects included for a 458 kW rated generator with values as shown in Figure 5.34 in below 

rated wind speeds. A constant ratio between Vdc and the fundamental voltage output from 

the inverter, V1, is assumed. The results demonstrate the ability to track the optimum value 

of Cp by altering the value of the dc link voltage, Vdc, by controlling the firing angle, a, 

of the inverter to change the power angle, ö,,,, between the output of the inverter and the 

grid. The rationale behind choosing the values for the PI controller for this control of the 
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power angle ö,,, is discussed. These step results indicate several problems with just tracking 

Cpmax without considering the grid connection of the wind turbine: 

1. The first problem is that the dc link voltage setpoint gives a value for Vd, which 

exceeds the breakdown voltage of the individual IGBT's in each leg of the inverter 

and two methods for combatting this are presented. 

2. The second problem is that a constant ratio between Vd, and the fundamental voltage 

output from the inverter, Vl is assumed. If this ratio does not change then no control 

over the voltage level of the transmission line or reactive power flow is possible whilst 

tracking Cp,,,, ax. As section 5.3.12 shows by suitable switching of the inverter it is 

possible to alter the ratio between Vd, and Vl and hence control reactive power and 

the transmission voltage. A method for keeping the fundamental voltage, V(1), of the 

terminals of the inverter at unity is presented. 

The first of the above problems can be solved relatively easily but the effect of changing 

the control ratio, Kydc, of the inverter to keep the terminal voltage of the inverter constant 

interacts in an adverse manner with the control of the power angle, ö,,,, to track Cpmax 

for reasons expanded in section 6.3.2. This method to maintain the terminal voltage at 

unity can be adapted so that instead of having a constant terminal voltage, V(1), as the 

desired control aim, a constant reactive power setpoint can be evaluated and used as the 

control aim to set the value for V(1). Results are presented showing how the reactive power 

setpoint is achieved. 

All of the results described previously apply to operation in below rated wind speeds and as 

such pitch control has not been an issue. The next section discusses the relevance of pitching 

action on the results. Whilst pitching the blades the control of the dc link voltage by the 

inverter firing angle is not so important as the prime requirement of the control scheme 
is to limit the real power into the turbine to avoid any generator windings overheating 

or overstressing of the turbine shaft. The terminal voltage of the inverter must also be 

controlled to remain within the grid connection requirements and the breakdown limit of 

the individual IGBT's which was set to the highest value achievable at the time of the work, 

1200 V [97]. Furthermore when the wind subsequently falls below rated wind speed and 

the pitch controller is no longer used then it would increase the energy capture if the dc 
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link voltage could be controlled to be at the right point for the entry back into the Cp�l. a, x 
tracking mode. 

In the next section the results are extended to the full windy environment to show the 

difficulties in tracking Cp�aax and controlling the connection voltage in such a turbulent 

environment. The energy captured is used to quantify the benefit returned by tracking 

Cp,,, ax and compared against the theoretical maximum energy capture is the variable speed 

wind turbine could act instantaneously and with no other constraints. 

The conclusions to the chapter discuss the implications of the operational control schemes 

outlined during the chapter and presents the final control method which would provide the 

best transient and economic performance for variable speed operation. 

6.1 Tracking Cpmax with the control ratio, KvdC, constant 

Results are presented in this section to demonstrate that if appropriate control of the power 

angle is achieved then Cp,,, ax can be tracked. The benefit in terms of increase in energy 

capture for a variable speed operated generator over a fixed speed generator can only occur 

in below rated wind speeds because in above rated wind speeds power limiting is used. The 

first results are for a step up in wind speed from 8 to 12 m/s with no rotational effects 

included. These step results are included as it is easy to see what is happening in terms of 

the interactions between the system and control dynamics. The values for a well designed 

PI controller to alter the inverter firing angle, a, to control the power angle between the 

inverter and the grid, ö,,,, are then presented. 

6.1.1 Control scheme 

The control scheme to keep track Cpmax was introduced in Chapter 5 and can be seen in 

Figure 5.22. When, for instance, there is a step increase in the wind speed the rotor speed 

will increase and so will the required value of the Vdc setpoint according to the curve shown 

in Figure 5.21. This setpoint is then compared with the measured value of Vd, and a PI 

controller used to alter the power angle, 5,,,, to ensure the correct value of Vdc is attained. As 

the control ratio of the inverter, KVdc is unchanged during the simulation run the terminal 

voltage of the inverter will alter in the same manner as the dc link voltage, Vdc, according 
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6.1 Tracking Cpma.,, with the control ratio, Kvdc, constant 

to equation 5.6. 

6.1.2 Step response with no control of the control ratio, KVdc 

The wind steps from 8 m/s to 12 m/s and the required dc link voltage must increase to 

track Cp11. ax accordingly as the rotor speed increases due to the imbalance of input torque 

to reaction torque. The first set of results are included as the base reference case to show 

the key dynamic interactions. 

The full set of results is discussed for this reference case and only the pertinent plots 

included for subsequent cases. Figure 6.1 shows the step increase in wind speed and the 

corresponding increase in the mechanical torque into the wind turbine. The overshoots in 

torque are due to the induction lag effect mentioned in Chapter 2. The run identifiers are 

also indicated to show the values of the various control parameters. The variable names for 

the PID gains of the `delta' controller have the prefix `V' because of their effect on the dc 

link voltage and as there is no control of the inverter control ratio, Kv,,, for this run the 

values of the PID gains for this controller are all zero. Furthermore as there is no pitch 

control, the gain which amplifies the power error to a suitable pitch demand, Kp; t, h, is also 

zero. 
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Figure 6.1: Step increase and corresponding input torque 

The top trace of Figure 6.2 shows that no rotational effects have been included for this 

run. It is interesting to note that the power coefficient starts at 0.45 and then after the 
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6.1 Tracking Cpmax with the control ratio, KVdc, constant 

windspeed steps to 12 m/s returns to the maximum value, thus demonstrating the ability 

to track Cp,,, ax. This is because the tip speed ratio (TSR) which relates the rotor speed, w, 

to the wind speed, U,,,, is controlled to be at the value corresponding to Cpmax, i. e. TSR = 

6, by the altering of the inverter power angle which changes Vdc and the power transferred 

from the rotor shaft to the grid. 
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Figure 6.2: The resulting power coefficient and tip speed ratio 

The mechanical power, P,,,, from the wind turbine and the corresponding airgap power, Pay, 

out into the E-core and rectifier arrangement can be seen in Figure 6.3. The dashed lines 

correspond to the variation of Pac versus rotational speed for a range of constant dc link 

voltages. The solid lines correspond to the variation of the mechanical input power, P�ti, 

versus rotational speed for a range of constant windspeeds. The mechanical power changes 

very quickly for the positive and negative steps in wind speed with the initial overshoot 

in mechanical power because of the induction lag effect introduced in section 2.2.3. The 

response of the airgap power transfer follows the response of the inverter control of the dc 

link voltage as rotor speed increases and dearly follows the Cp,, L,, curve. 

The mechanical power, Pm, can increase above the value predicted from conventional C, 

theory which is based on conservation of momentum and actuator disc theory [41] because, 

as was explained in Chapter 2, for any change in the operating condition of the wind turbine 

the wake takes a finite time to adjust and leads to an effect known as induction lag. Taking 

for instance a step up in wind speed across the wind turbine blades, initially the upwind 

wind speed and the downwind wind speed are related by the amount of energy extracted 
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Figure 6.3: Module airgap and mechanical power 

by the value given by Cy. However when the wind speed changes the downwind wind speed 

takes a finite time to change and for the energy across the wind turbine to balance more 

power must flow into the wind turbine until the up and down wind speeds equalise at the 

steady levels predicted by Cy. 

Figure 6.4 shows the variation of the input power, the resulting airgap power, the variation 

of rotor speed and dc link voltage. There are two things to note about these plots. Firstly it 

should be noted that the airgap power, PQ,,, rotor speed and dc link voltage take a finite time 

to respond to the step in the input mechanical power. This is because of the large inertia 

of the wind turbine blades and this leads to a reduction of energy when compared with the 

theoretical maximum. This is discussed further in section 6.5. Secondly the dc link voltage 

stays exceeds the 1200 V rating of the commercially available high power IGBT [97] and 

the breakdown limit is clearly compromised. Two solutions exist to combat this problem. 
Firstly the number of IGBT's per leg of the inverter could be increased by serial connection 

of the IGBT's leading to an increased voltage breakdown. For example, inserting two 

IGBT's per leg of the inverter would typically increase the breakdown limit of the inverter 

by slightly less than two because of the unequal sharing between the devices. However this 

leads to a doubling in component count and therefore increased cost and possible failure. A 

preferred alternative would be to include a limit on the allowed value of the dc link voltage 

setpoint. The effect of this is presented in the next section. 
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6.1 Tracking Cp�La, x with the control ratio, KVdc, constant 
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Figure 6.4: The input power, airgap power, rotor speed and dc link voltage 

Figure 6.5 shows the current flowing into the inverter, the injected dc link current, the 

output electrical power into the grid and the overall power loss through the e-core, rectifier 

and inverter. The currents shown are indicative of the magnitude of the currents flowing 

through the dc link and it is assumed that the commutation time of the IGBT's is zero. 

The final value of output power is only 10 % below rated power leading to a loss of about 

13 % when the simulation time is 20 seconds. This suggests that the generator should be 

rated at 1.1 times its output rating to ensure it delivers power appropriate to its registered 

capacity. 

Figure 6.6 shows the variation of the measured dc link voltage and the dc link voltage 

setpoint from the w- Vd, relationship to track CpM6z against time. The PI controller is so 

good at altering the inverter firing angle to control, ö,,,, that the error between the measured 

Vd, and the setpoint voltage from the w- Vd, relationship is very small and the two plots 

are virtually indistinguishable. 

The plots shown in Figure 6.7 are very important as they demonstrate the problem with 

keeping the inverter control ratio, KVdc, which links the dc link voltage and the fundamental 

line value of the inverter output voltage, constant. The initial value for Kvdc is chosen to 

give a terminal voltage of one per unit from equation 5.12. It is clear that as the dc link 

voltage increases in magnitude the required Vdc setpoint to maintain V(1) at unity decreases 

and as there is no control of KydC for this run the reactive power increases dramatically. 
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6.1 Tracking Cpmax with the control ratio, KVdc, constant 
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Figure 6.6: Measured and dc link setpoint voltage 
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6.1 Tracking Cpmaa, with the control ratio, KVdC, constant 
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Figure 6.7: Reactive Power and voltage regulation 

The equation governing the reactive power for an ideal reactive transmission line connected 

to an infinite bus is, 

Q= 
vsys (V(1) cos ö,,, - V. v. ) (6.1) 1) 

The reactance, X� for this case is very low in per unit terms because it only includes the 

value for the transformer and transmission line to the grid. This means that any small value 

from the bracket leads to a large value for the reactive power into the grid. As the per unit 

terminal voltage changes because it is not controlled the reactive power out is very large 

indeed - upto 10 per unit - and the voltage regulation along the line is very poor - about 3 

times rated value. This would cause the problems mentioned in section 5.5.1 and is clearly 

unacceptable. This underlines the importance of controlling KVdc to ensure proper voltage 

regulation within +6 and -10 % of nominal terminal voltage. 

6.1.3 Best values for PI controller 

A PI controller is used to alter the firing angle of the inverter to change the power angle 

between the inverter terminal and the grid and effectively control the level of the dc link 

voltage at the setpoint for Cp,,,, ax tracking. This PI controller has the same architecture 

as shown in Figure 2.2.7 and is termed the power angle controller because that is what is 
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6.1 Tracking Cpma,, with the control ratio, KVdc, constant 

effectively being controlled. The control methodology for setting the values for P and I 

are based upon the best performance returned from several simulation runs as opposed to 

detailed conventional controller design techniques as introduced in Chapter 2 for the pitch 

controller. Again the reason for this are the large non-linearities involved in such controller 
design. The best values for the power angle controller are given in Table 6.1 and are used 

in every subsequent simulation run. 

VProp 0.002 
VInt 0.05 
VDer 0 

Table 6.1: PI controller values for power angle controller 

6.1.4 Discussion 

There are two key points that must be addressed from the results which have been presented. 
Firstly the breakdown voltage limit of the IGBT's of the legs of the inverter is violated for 

this generator design and, rather than redesign the generator or include extra IGBT's 

in each leg of the inverter, a Vdc limit must be introduced into the inverter power angle 

controller. Secondly the fundamental r. m. s. voltage at the output of the inverter, V(1), 

which is presented in Figure 6.7, increases way above the +6 % of nominal level required 

for grid connection and therefore some control of the inverter control ratio is required. This 

will now be discussed. 

It has been shown that it is possible to track Cp�aax in response to a step increase in the 

windspeed. It is dear, however, that the inertia of the turbine blades limits the rate at 
Which Cpmax can be tracked and this may lead to a reduction in the energy capture. This 

is considered in section 6.5 of this chapter but the first two major problems which have 

been identified must be addressed: namely the introduction of a limit on Vd, and secondly 

control of the inverter control ratio to limit V(1). 
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6.2 Tracking Cpmaa with KvdC constant and Vd, limited to 1100 Volts 

6.2 'Lacking Cpmax with KVdc constant and Vdc limited to 

1100 Volts 

Results are presented in this section for the same case as the section before but now including 

a limit on the allowed dc link voltage setpoint of 1100 Volts. It is desirable to look at the 

effect this would have on the dc link voltage to see if the controller has been effective and 

on the airgap power transfer to see how far off the Cp,,,, ax curve the wind turbine operates 

because of the dc link voltage limit. 

6.2.1 Step response with no control of the control ratio, Kvdc 

The wind steps from 8 m/s to 12 m/s as in the previous case and no inverter control 

ratio or pitch control is used. The mechanical power, P,,,, from the wind turbine and the 

corresponding airgap power, Pac, out into the E-core and rectifier arrangement can be seen 
in Figure 6.8. The response of the airgap power transfer follows the response of the inverter 

control of the dc link voltage as rotor speed increases and dearly follows the Cp�aax curve. 
Once the dc link voltage reaches 1100 V the Pay transfer follows the constant Vdc line 

associated with 1100 Volts and this leads to a higher intercept with the mechanical power 

than for the previous case where no limit was present. This effect would be reduced by the 

pitch controller which limits the input power above rated. 
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Figure 6.8: Module airgap and mechanical power 
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6.3 Maintaining Vi constant as Vd, varies 

The input mechanical power, resulting airgap power, rotational speed, dc link voltage can 

be seen in Figure 6.9. Again the inertia of the turbine blades increases the time it takes 

for the rotor speed to respond. The key point to note about these plots is that the dc link 

voltage is limited to below 1200 V and therefore the IGBT's would not breakdown. 
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Figure 6.9: The input power, airgap power, rotor speed and dc link voltage 

6.3 Maintaining Vi constant as Vd, varies 

The dc link voltage must be allowed to alter if Cp,,,, ax is to be tracked to increase the overall 

energy capture from the wind turbine blades. However if the proportion between Vd, and 

Vi is kept constant, i. e. the control ratio of the inverter is kept the same, then the voltage 

at the sending end of the transmission line to the infinite bus will vary. This could cause 

problems in terms of protection devices, such as tap changing autotransformers, switching 

to maintain the voltage. Excessive tap-changing can cause problems and should be there to 

respond to system faults and not to poor control of the generator operation. Furthermore 

below the 33 KV level there is no continuous monitoring [105] [106] in UK distribution 

system which means embedded grid connected generation must be closely controlled. To 

this aim a scheme for maintaining V(1) between +6 and -10 % of nominal is developed. 
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6.3 Maintaining Vi constant as Vdc varies 

6.3.1 Control Scheme 

The control scheme to keep V(1) constant can be seen in Figure 5.36. When, for instance, 

there is a step increase in the value of Vdc the required value of Ky is calculated to keep 

V(1) at the desired value, for this case unity, using equation 5.12. This Kydc setpoint is 

then compared with the measured value of Kydc and a PI controller used to ensure the 

correct value is attained. 

6.3.2 Controlling KVdc to keep V(1) constant 

., 
must decrease to keep V(1) Clearly when Vdc increases the inverter control ratio, KVd, 

constant. Figure 6.10 shows the key result when the control scheme of Figure 5.36 is 

implemented. The first thing to note is that the reactive power is about 20 % of the 

reference case shown in Figure 6.7 and so the control of V(1) is having the desired effect 

of reducing the output reactive power. However the bottom trace, which indicates the 

variation of the control ratio, KVdc, and its setpoint, still shows a large error between the 

required and actual value. This is reflected in the per unit value of the fundamental of the 

inverter terminal, V(1), which violates the +6 and -10 % limits. 
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Figure 6.10: Response of Q, Vl and KVdC for step change in wind speed from 8 m/s to 12 

m/s 

The value of KProp = 0.5 and KInt = 0.25 were used for this simulation and this gave a 

satisfactory response. However the reactive power out is still very large and this occurs for 
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6.3 

two reasons. 

Maintaining Vl constant as Vdc varies 

1. Firstly there is a large error between the desired value Kvd, and the KVdC setpoint. 

This is either because KProp is not a high enough value to limit the error sufficiently or 

because there is some coupling or interference between the KvdC controller to maintain 

V(1) constant and the controller that alters the inverter power angle, ö,,,, to track 

Cpmax" 

2. Secondly although this error may not seem significant it has a major effect. This 

is because the reactance connecting the inverter to the grid is low, and the reactive 

power to the grid assuming no line resistance is given by Equation 6.1 Hence a small 

reactance leads to any slight difference between Vi cos(ö,,, ) and Vb being magnified. 

A value of 0.2 per unit is used in the simulations for the value for the reactance to 

the grid and so any difference in the bracketed term of Equation 6.1 is magnified five 

times if V(1) is maintained at its rated value. 

PI controller design to maintain V(1) constant 

Several simulation run throughs led to increasing KProp to 6 and KInt to 0.25 as giving 

reasonable performance with the plots for the per unit reactive power, terminal voltage and 

KVdc and Kvdc setpoint as seen in Figure 6.11. The reactive power is now about a third of 

that shown in Figure 6.10 and so the control of V(1) is having the desired effect of reducing 

the output reactive power. There is also much less error between the required and actual 

value of KVdC. This is reflected in the per unit value of the fundamental of the inverter 

terminal, V(1), which increases just above the 6% limit, but such a step is unlikely and 

the response to real wind data shows that voltage regulation is adequate. 

The value of KProp =6 and KInt = 0.25 are used for all subsequent simulation runs. 

Increasing KProp and Klnt much further leads to instability in the control ratio controller 

and therefore it is important to consider the second factor and the development of a control 

scheme to avoid interference between the inverter power angle and control ratio controllers 

will now be discussed. 
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6.3 Maintaining Vl constant as Vdc varies 
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Figure 6.11: Response of Q, Vl and Kv for step change in wind speed from 8 m/s to 12 

m/s 

Development of a suitable control scheme to avoid controller interference 

The main problem with controlling both the output voltage level of the inverter to con- 

trol reactive power and the real power flowing through the E-core to grid arrangement to 

maximise energy capture is that they are inextricably linked. If the power angle, ö,,,, is 

reduced as a response to the Cp,,,, a. , controller action, less power would be extracted and 

therefore the current flowing into the inverter decreases and, providing the current flowing 

into the dc link is constant over the interval of this example, the dc link voltage level will 

increase. However if the dc link voltage rises the controller to keep V(1) constant will re- 

duce the control ratio, Kvdc, to maintain V(1) at its setpoint and thereby reduce the power 

extracted. This acts in unison with the effect of the Cp,,,, ax controller and so the control 

action is shared. However the results of Figure 6.10 show that the C.,,,,, tracking controller 

is more effective and hence Kvdc is not reduced enough which leads to excessive reactive 

power flowing into the system. 

A control scheme could be developed to counteract this problem with the overriding aim 

of such control schemes being to limit the terminal voltage to within the limits laid down 

in the connection agreement with the local distribution company otherwise the generator 

would be penalised heavily or even disconnected. Thus the controller would act to keep 

V(1) within the limits foremost and allow Cpmax tracking provided it is safe to do so. 

217 



6.4 Maintaining Q constant as Vdc varies 

6.3.3 Discussion 

This section has outlined the problems with controlling both the firing angle and control 

ratio of the inverter to achieve control of both Cp and V(1) respectively. A well designed 

controller has been found to minimise the interaction problems associated with the two 

control aims of changing ö,,, to alter Vdc to track Cp1,,, and changing KVdc to maintain a 

constant V(1) which tend to act to cancel one another out as explained in section 6.2.2. 

The terminal voltage has been kept within the limits imposed by the grid connection for an 

unusually large step in input wind speed and the scheme outlined in the previous section 

is considered adequate. Other schemes involving state space techniques to decouple the 

two controllers have been proposed [107] [108] but the scheme, outlined in the previous 

section, has a simple elegance that is easy to understand and implement and is therefore 

used subsequently. This method of controlling KVdc to maintain the terminal voltage at its 

nominal value can be modified slightly to enable a reactive power setpoint to be used and 

the development of this slight adjustment to the Kydc setpoint model is now presented. 

6.4 Maintaining Q constant as Vd, varies 

In the previous section the aim was to just maintain VI at a constant level, for example, at 

nominal value. This led to the reactive power being slightly negative due to the small power 

angle ö,,,. Now it would be advantageous to be able to deliver reactive power to the grid 

in response to some demand, i. e. a local induction motor switches on and requires reactive 

power to be supplied to it at a certain power factor. This would require the wind turbine 

to operate as a supplier of both real and reactive power. To achieve this a reactive power 

setpoint could be included in the control hierarchy. 

6.4.1 Control scheme to include a reactive power setpoint 

The control scheme necessary to include the reactive power setpoint in the control hierarchy 

of the wind turbine can be seen in Figure 5.36. Depending on the current value of the 

power angle, ö,,,, the KvdC setpoint is altered to maintain Q at the setpoint. This is done by 

rearranging equation 6.1 and combining it with equation 5.6 to give the following expression 

218 



6.5 The effect of pitch action on variable speed operation 

that gives KVdc in terms of the reactive power setpoint, Qapt. 

0.45V(1) r QsptX, Vb ) 
(6.2) ' Vdc - Vdc lVbCOSý", + 

COSEvd 

6.4.2 Constant Q results 

Again a step up in windspeed from 8 to 12 m/s is used as an example for demonstrating the 

principle of maintaining a reactive power setpoint. For the following results the Q setpoint 
is 0.2 per unit. The response of the reactive power, terminal voltage and K�d, and its 

setpoint can be seen in Figure 6.12. The reactive power setpoint is maintained after the 

transient response is completed. The peak value of the reactive power transient is more 

than the corresponding value from keeping V(1) at unity and this is because the initial 

V(1) is at a higher initial value. 
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Figure 6.12: Response of Q, Vl and Kv,. for step change in wind speed from 8 m/s to 15 
m/s 

6.5 The effect of pitch action on variable speed operation 

This section outlines the combining of the real and reactive power controllers to track Cpmax 

and limit Q into the grid with the pitch controller to limit power into the generator to avoid 

above rated operation. 
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6.5 The effect of pitch action on variable speed operation 

6.5.1 Suitable pitch control for variable speed operation 

The operation of the wind generator at variable speed poses additional difficulties in the 

design of a suitable pitch control system. For the fixed speed case rated power occurs at 

rated torque and rated speed and in per unit terms power and torque are interchangeable 

because the speed is fixed by the grid. In variable speed operation, however, the speed is 

determined by tracking Cpma-- below rated wind speed and used to limit power above rated 

subject to the constraint of the maximum allowable shaft torque. This can be qualified by 

the situation where the turbine is not at rated speed when a step into above rated wind 

speed occurs. At the instant of the step an over-torque situation arises even though the 

power may well be below rated. A controller therefore should act upon a signal of power 

and not torque in variable speed wind turbines. This leads to the same pitch demand as 

depicted in Figure 2.6 but now ensuring that power is used as the input variable. As such 

the same values as designed in Chapter 2 for the pitch controller and actuator are also used. 

6.5.2 Step up and step down result 

The effect of pitch action is best shown with respect to a step above rated wind speed 

followed by a step down in rated wind speed to determine the overall cycle and see how well 

the controller tracks the dc link setpoint voltage for Cp�nax. The following results are for a 

step up followed by a step down from 12 to 13 and back to 12 m/s. The response of the 

mechanical and airgap power versus the rotor speed for this value of pitch control can be 

seen in Figure 6.13. The final value of Pm, after the initial overshoot due to the induction 

lag effect, is 1.14 of the rated value and the controller works well. 

The controller works well upto the design windspeed of 13 m/s but above this value a 

larger error would be required to give the necessary blade pitch angle. This would lead to 

over rated operation of the generator in high windspeed condition and this is not desirable. 

Furthermore the measurement of shaft power is no easy process with both a speed and torque 

transducer required. These often prove unreliable and relatively expensive. Therefore not 

measuring shaft power may be advantageous. 
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6.6 Response of the 458 kW rated generator to simulated wind data 
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Figure 6.13: Response of P,,, and Pa9 for step up then step down in windspeed from 12 to 
13 m/s 

6.6 Response of the 458 kW rated generator to simulated 

wind data 

The step response results are now extended to cover the case with simulated wind speed data 

from the spectral method including all rotational effects. These results show that the effect 

of the slow response of the rotor blades inertia to gusting and the transients introduced due 

to the rotational effects limit the effectiveness of the CP,,, az tracking controller and, hence, 

the energy captured by the 458 kW rated generator. Possible solutions to this problem are 

proposed and further issues raised to indicate the problems associated with connecting the 

turbine to the grid. 

This section also investigates how the value of the dc link capacitance, the equivalent pa- 

rameter in the variable speed design to the compliant mounting of the fixed speed case, 

can be altered to improve the interaction of the complete wind turbine system in a typical 

windy environment and demonstrates the ability of the capacitance to limit any high fre- 

quency power oscillations and rotor movement. The pitch controller has the same values as 

designed in Chapter 2. 

Five simulated wind speeds are generated by the spectral method and used to characterise 

the performance of the variable speed operated permanent magnet generator and assess 
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6.6 Response of the 458 kW rated generator to simulated wind data 

the impact of the pitch controller on the output power. These five wind speed variations 

correspond to the following cases: 

1. Cut in. This corresponds to the synchronisation case presented in Chapter 4 and is 

not considered here because synchronisation of the variable speed system is unneces- 

sary because of the presence of the frequency converter. This is a further advantage of 

variable speed control is that complicated monitoring and control equipment required 
for the synchronisation of the fixed speed wind turbine is no longer necessary. 

2. Below rated windspeed. This is the most important region for the variable speed 

wind turbine and is presented as the base case for the windy simulations with a 

comparison with the fixed speed performance included in the next chapter. 

3. Below to above rated windspeed. This is the key area for the pitch controller 

as the output power to the grid must be limited to rated value with the frequency 

converter ensuring smooth operation. 

4. Above rated windspeed. Gradually the turbulence becomes stronger in the wind 

and the pitch controller must act more to maintain constant power out. 

5. Cut out. Finally this time history demonstrates the fail safe pitching of the blade 

when the mean wind speed is greater than the designed cut-out value of 25 m/s the 

pitch controller must shut down the turbine and voltage control used to limit the dc 

link voltage to within the safe operational level. 

The last four situations are now simulated for the 458 kW rated generator with the values 

for the different controllers as designed earlier and presented in Tables 2.3,6.1 and 6.2. 

Then the effect of varying the dc link capacitance is demonstrated to show what happens 

when poor control of the dc link voltage occurs. This will vindicate the use of the 4000 pF 
dc link capacitance. Only the key results are included here. 

6.6.1 Below rated wind speed response 

The simulated wind speed with mean 9 m/s and the corresponding response of the mechan- 

ical torque due to the effective wind speed before the rotational torques have been added 
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6.6 Response of the 458 kW rated generator to simulated wind data 

can be seen in Figure 6.14. The run identifiers are also indicated to show the values of the 

various control parameters for the pitch angle, power angle and control ratio controllers. 
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Figure 6.14: Simulated wind speed with AMWS of 9 m/s and the corresponding input 
torque 

The top trace of Figure 6.15 shows that rotational effects have been included for this run 

through as it is now the response of the generator in simulated wind conditions that is 

required. It is interesting to note that the power coefficient starts at 0.45 and subsequently 

varies only very slightly about this maximum value as the Vdc controller attempts to alter 

the inverter firing angle and hence alter the power angle to track Cp, ýax. The spectrum 

of the total driving torque input to the generator can be seen in the third plot with two 

vertical straight lines indicating the 3w, and 1w, frequencies. As the wind speed does not 

change much in the interval of the simulation, the frequency of rotation of the generator 

does not vary as much as for a longer run. This means that the spectral peaks are still 

apparent even though on a longer simulation run where the wind turbine operated over its 

complete frequency range the peaks would be expected to blend into the overall spectrum 

and become less discernible. 

The mechanical power, P,,,, from the wind turbine blades and the corresponding airgap 

power, Pay, out into the E-core and rectifier arrangement can be seen in Figure 6.16. The 

response of the airgap power follows the response of the inverter control of the dc link 

voltage as rotor speed increases, i. e. tracks Cp7 a. The mechanical power into the wind 

turbine shows the oscillatory variations induced by the rotational effects and the changing 

wind speed input into the wind turbine. 
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6.6 Response of the 458 kW rated generator to simulated wind data 
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Figure 6.15: The resulting power coefficient and tip speed ratio 
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Figure 6.16: Module airgap and mechanical power 
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6.6 Response of the 458 kW rated generator to simulated wind data 

Figure 6.17 shows the variation of the input power, the resulting airgap power, the variation 

of rotor speed and dc link voltage. It should be noted that the dc link voltage stays within 

the 1200 V rating of the high power IGBT. 
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Figure 6.17: The input power, airgap power, rotor speed and dc link voltage 

Figure 6.18 shows the current flowing into the inverter and the dc link current and the 

output electrical power into the grid and the overall power loss through the e-core, rectifier 

and inverter. The current plots are indicative of the magnitude of the current into and out 

of the dc link and inherent in the simulation method is that commutation of the IGBT's in 

the inverter is instantaneous. 
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Figure 6.18: Inverter and dc link current and output power and overall power loss 

Figure 6.19 shows the variation of the measured dc link voltage and the dc link voltage 

setpoint from the w- Vd, relationship to track Cpmax against time. The power angle PI 

controller is sufficient to track this relationship accurately and for the case where only Cpmax 
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6.6 Response of the 458 kW rated generator to simulated wind data 

needs to be tracked the constraint of keeping Vd, within the required breakdown voltage 
limit of 1200 Volts is satisfied with only marginal loss in performance. 

Figure 6.19: Measured and dc link setpoint voltage 

The plots shown in Figure 6.20 are very important as they demonstrate the adequate control 

of the inverter control ratio, KVdc, at the required level to give the reactive power setpoint 

of 0.2 per unit in the windy environment. The terminal voltage does not fluctuate about 

its nominal value by more than the +6 and -10 % limit laid down for grid connection. 
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Figure 6.20: Reactive power and KVdc setpoint 

ENERGY CAPTURE ANALYSIS. An analysis of the energy flows within the variable 

speed wind turbine for the response to the wind speed time history with AMWS of 9 m/s 

can be seen in Table 6.2. 

There are several points to be made about the figures presented in Table 6.2. Firstly the 
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6.6 Response of the 458 kW rated generator to simulated wind data 

Mechanical energy into turbine 4.45 kWh 
Electrical energy out at the airgap 4.58 kWh 
Max possible energy capture 4.48 kWh 
Controller effectiveness 99.33 % 
DC link energy 3.96 kWh 
Generator and Rectifier Efficiency 89.2 % 
Overall energy out to the grid 3.95 kWh 
Overall Efficiency 86.5 % 

Table 6.2: Energy capture analysis for the 458 kW rated variable speed generator 

fact that the mechanical energy into the airgap is greater than the electrical power out of 

the airgap is due to the rotor slowing down over the simulation run. Secondly, although 

the wind changes speed during a gust far more quickly than the rotor speed can due to the 

large inertia of the rotor blades, the controller is still very effective at following the desired 

w-Vdc characteristic to track Cpmax. This is in opposition to statements made in [91] where 
it was discovered that the turbine operated away from Cpmax for most of the time and there 

was a larger corresponding reduction in energy capture from the theoretical maximum. 
This difference could be due to the aerofoils used in this thesis having a different Cp curve. 
Aerofoil design is an issue in variable speed operation with broad C. curves allowing Cpmax 

to be tracked easily. These broad curves however limit the advantage over fixed speed 
because these aerofoils are less effective and over the speed range of the variable speed 

turbine the change in Cp when compared with the fixed speed value would be reduced. The 

aerofoils used in this thesis lead to an energy capture which is 99.33 % of the theoretical 

maximum and, after including all the losses in the generator, rectifier and inverter, the 

variable speed wind turbine has an efficiency of 86.5 % over this simulation run with an 
AMWS of 9 m/s. The final point to make, therefore, is that despite good tracking of Cpmax 

significant energy losses are recorded from the airgap to the grid and a scheme which both 

tracked Cpmax and the efficiency of the generator could be more effective. This is discussed 

in Chapter 8 and a comparison of energy capture with the fixed speed case is discussed in 

Chapter 7. 

6.6.2 Below to above rated wind speed response 

The simulated wind speed with mean 12 m/s and the corresponding response of the me- 

chanical torque into the wind turbine, before rotational effects are added can be seen in 
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6.6 Response of the 458 kW rated generator to simulated wind data 

Figure 6.21. The run identifiers are also indicated to show the values of the pitch angle, 

power angle and control ratio controller parameters. 

Windspeed wfth AMWS . 11.93 We 
I1 

6 ...... i ....................... 

20 40 80 BO 

101eSpacvum 
of wine kp A to the aidns 

10,1U' 10+ 
10p 

Log Frequency (rsda4) 

  10° 455 kW pmgen Torque 

T 
X- 10 .........:.. ....; .... .. 

................... :....... .,........ 

00 
20 ý0 80 BO 

obi n., nkq lmws hpA to the turbine 
1 

10,10° 10° W 
110° 

Log Frequency (rsdds) 

RunID: PaP. 0.15, Pal . 0.1, PaD. 0. KP -20 

VP . 0.00¢, VI . 0.06. VD . 0. Ome0 ind .1 

KPrap . 6, KIM . 025, KDsr .0 

Figure 6.21: Simulated wind speed with AMWS of 12 m/s and the corresponding input 
torque 

The top trace of Figure 6.22 shows that rotational effects have been included for this run 

through. It is interesting to note that the power coefficient starts at 0.45 for the intervals 

where the wind speed is below rated varies only slightly about this maximum value as the 

Vdc controller attempts to alter the inverter firing angle, and hence power angle, to track 

Cpmax. However when the wind speed is above rated the pitch controller begins to alter the 

pitch angle to maintain rated power and C,, reduces markedly. The spectral peaks in the 

induced hub torque are still apparent due to the short length of the simulation run. 
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Figure 6.22: The resulting power coefficient and tip speed ratio 

The mechanical power, P�,, from the wind turbine blades and the corresponding airgap 
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6.6 Response of the 458 kW rated generator to simulated wind data 

power, Pa,, out into the E-core and rectifier arrangement can be seen in Figure 6.23. The 

response of the airgap power follows the response of the inverter control of the dc link voltage 

as rotor speed increases, i. e. tracks Cp,,,,, x, in below rated wind speeds and is limited to 1.28 

of rated value for wind speeds above rated. The mechanical power into the wind turbine 

shows the oscillatory variations induced by the rotational effects and the changing wind 

speed input into the wind turbine. 
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Figure 6.23: Module airgap and mechanical power 

The pitch demand and pitch angle necessary to maintain the variable speed wind turbine 

at rated power in above rated wind speeds can be seen in Figure 6.24. As for the fixed 

speed case, the pitch angle is smoother than the pitch demand because the limits on both 

the rate and acceleration of the pitch actuator smooth out the power variations introduced 

by the rotational effects. 

The plots shown in Figure 6.25 are very important as they demonstrate the adequate control 

of the inverter control ratio, KVdC, to keep the fundamental value of the inverter output 

voltage constant at its desired setpoint to give a reactive power of 0.2 per unit. 

ENERGY CAPTURE ANALYSIS. An analysis of the energy flows within the variable 

speed wind turbine for the response to the wind speed time history with AMWS of 12 m/s 

can be seen in Table 6.3. 

The effectiveness of the controller now includes the effect of pitch action as well as control of 

the inverter firing angle to track Cp,,,, ax for the periods below rated wind speed. Figure 6.23 

shows that the mechanical power is above one per unit for much of the simulation run as the 

pitch controller is unable to limit the power to the desired rating and hence the effectiveness 
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6.6 Response of the 458 kW rated generator to simulated wind data 
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Figure 6.24: Pitch control and actuator response 
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Figure 6.25: Reactive Power and voltage regulation 

Mechanical energy into turbine 9.34 kWh 
Electrical energy out at the airgap 9.48 kWh 
Max possible energy capture 8.99 kWh 
Controller effectiveness 1.04 % 
Overall energy out to the grid 8.66 kWh 
Overall Efficiency 91.4 % 

Table 6.3: Energy capture analysis for the 458 kW rated variable speed generator 
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6.6 Response of the 458 kW rated generator to simulated wind data 

value is greater than unity. The overall efficiency is higher than that presented in Table 6.2 

and highlights the need to track efficiency as well as Cpmax. 

6.6.3 Above rated wind speed results 

The simulated wind speed with mean 18 m/s and the corresponding response of the me- 

chanical torque, before the addition of rotational effects, into the wind turbine can be seen 

in Figure 6.26. The run identifiers are also indicated. 
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Figure 6.26: Simulated wind speed with AMWS of 18 m/s and the corresponding input 
torque 

The top trace of Figure 6.27 shows that rotational effects have been included for this sim- 

ulation run. The power coefficient starts at 0.09, the value which gives rated power at the 

start pitch angle corresponding to a wind speed of 18 m/s, and subsequently varies much 

below the maximum value, Cp�aax, due to the action of the pitch controller. The tip speed 

ratio is much less than 6, the value corresponding to C,,,,, ax, because of the high wind speed. 

The mechanical power, Pm, from the wind turbine blades and the corresponding airgap 

power, PaC, out into the E-core and rectifier arrangement can be seen in Figure 6.28. The 

response of the airgap power is limited to 1.45 of rated value as the wind speed is above 

rated. The mechanical power into the wind turbine shows the oscillatory variations induced 

by the rotational effects and the changing wind speed input into the wind turbine. 

The pitch demand and pitch angle necessary to maintain the variable speed wind turbine 

at rated power in above rated wind speeds can be seen in Figure 6.29. There is now much 
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6.6 Response of the 458 kW rated generator to simulated wind data 

more pitch action than for the previous case because of the increased turbulence at the 

higher windspeed. The pitching duty is again reduced when compared with the equivalent 

fixed speed case because of the ability of the variable speed wind turbine to alter its speed. 
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Figure 6.29: Pitch control and actuator response 

The plots shown in Figure 6.30 are very important as they demonstrate the adequate control 

of the inverter control ratio, KVdc, to keep the fundamental value of the inverter output 

voltage constant at its desired setpoint to give a reactive power of 0.2 per unit. 
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Figure 6.30: Reactive Power and voltage regulation 

ENERGY CAPTURE ANALYSIS. An analysis of the energy flows within the variable 

speed wind turbine for the response to the wind speed time history with AMWS of 18 m/s 

can be seen in Table 6.4. Again the controller effectiveness is greater than unity indicating 

that the pitch controller is not limiting the power in to rated power and therefore suggesting 

that the generator be overrated to cope. 
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6.6 Response of the 458 kW rated generator to simulated wind data 

Mechanical energy into turbine 12.86 kWh 
Electrical energy out at the airgap 12.86 kWh 
Max possible energy capture 10.18 kWh 
Controller effectiveness 1.26 
Overall energy out to the grid 11.86 kWh 
Overall Efficiency 92.24 % 

Table 6.4: Energy capture analysis for the 458 kW rated variable speed generator 

6.6.4 Cut-out wind speed results 

The simulated wind speed with mean 25 m/s and the corresponding response of the me- 

chanical torque, without the addition of rotational effects, into the wind turbine can be seen 

in Figure 6.31. The run identifiers are also indicated to show the control parameter values. 
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Figure 6.31: Simulated wind speed with AMWS of 25 m/s and the corresponding input 
torque 

It is important to note the response of the pitch controller and the effect on the mechanical 

power into the turbine once the `fail safe' flag indicator has been raised to indicate wind 

speeds above 25 m/s. This occurs at about 9 seconds into the simulation run and so only 

the first 15 seconds of the wind speed time history is used. The effect of reducing the power 

into the turbine to zero on the terminal voltage is also important in the shut down scenario 

as large voltage spikes into the network are undesirable. 

The top trace of Figure 6.32 shows that rotational effects have been included for this sim- 

ulation run. The power coefficient starts at 0.05, the value which gives rated power at the 

start pitch angle corresponding to a wind speed of 25 m/s, and subsequently varies much 

below the maximum value, Cp,,,,,,, due to the action of the pitch controller until the `fail 
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6.6 Response of the 458 kW rated generator to simulated wind data 

safe' flag is raised. The pitch demand is then set to 90 degrees, full feather, and the power 

coefficient falls to zero as the blades attain this pitch angle. The tip speed ratio is also 

much less than 6, the value corresponding to Cpmax, because of the higher wind speed. 
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Figure 6.32: The resulting power coefficient and tip speed ratio 

The mechanical power, P, n, from the wind turbine blades and the corresponding airgap 

power, Pac, out into the E-core and rectifier arrangement can be seen in Figure 6.33. The 

response of the airgap power is limited to 1.25 of rated value as the wind speed is above 

rated and then reduces to zero as the blade pitch angle reaches 90 degrees. The mechanical 

power into the wind turbine shows the oscillatory variations induced by the rotational effects 

and the changing wind speed input into the wind turbine. 
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6.6 Response of the 458 kW rated generator to simulated wind data 

the cut-off windspeed can be seen in Figure 6.34. Once the wind speed measurement, which 
is a ten second averaged value, reaches 25 m/s the pitch demand is set to 90 degrees to 

limit the stress on the wind turbine structure as explained in Chapter 2. The pitching duty 

is again reduced when compared with the equivalent fixed speed case because of the ability 

of the variable speed wind turbine to alter its speed. 
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Figure 6.34: Pitch control and actuator response 

The plots shown in Figure 6.35 demonstrate the adequate control of the inverter control 

ratio, Kvdc, to keep the fundamental value of the inverter output voltage within the +6 

and -10 % limits until the `fail safe' signal occurs. Then the control of KVdC to give a 

reactive power of 0.2 per unit is unable to cope with the large transient caused by setting 

the pitch angle to 90 degrees. The voltage begins to sag because the mechanical power 

into the system reduces far quicker than the power taken out of the inverter as the dc link 

voltage is still linked to the rotational speed of the rotor which can only change slowly. This 

imbalance of power reduces the speed of the rotor and hence the terminal voltage sags. The 

inverter control ratio increases to maintain the terminal voltage but the reduction in Vdc is 

too great for the setpoint to be maintained. The speed eventually levels out as the inverter 

switches off. A better control scheme would link the inverter controller to the fail safe such 

that the speed reduced to a safe level and then the inverter switched off. 

If the wind speed persisted at a level greater than 25 m/s then some further control would 

act to bring the turbine to a complete rest and stop the inverter exporting power to the 

grid until a safe wind speed was recorded. Then the variable speed wind turbine could be 

restarted by disconnecting the parking brake and controlling the inverter to increase the 
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Figure 6.35: Reactive Power and voltage regulation 

turbine speed to that required by the w- Vdc characteristic and the wind speed. 

6.6.5 Capacitance variation 

The performance of the 458 kW rated variable speed generator will now be examined as 

the capacitance varies from 2000 µF to 8000 µF. The 80 seconds of the simulated wind 

speed with mean 9 m/s is used for each simulation run and the corresponding response of 

the mechanical torque into the wind turbine can be seen in Figure 6.14. 

2000 µF RESULTS. When the capacitance is reduced to 0.002 µF the control of the dc 

link voltage to track Cp,,, ax becomes so difficult that large power spikes into the network 

are recorded and the simulation is unstable. 

8000 µF RESULTS. The comparison between the performance with the 400014F and the 

8000 µF capacitor is best undertaken by considering the energy captured and the standard 
deviation of the real and reactive power out to the grid as the plots are fairly similar. The 

values of these performance measures are shown in Table 6.5. 

Capacitance 4000 µF 8000 µF 
Energy capture 4.58 kWh 4.57 kWh 
Energy to the grid 3.95 kWh 3.94 kWh 
Standard deviation of real power 0.135 p. u. 0.134 p. u. 
Standard deviation of reactive power 0.120 p. u. 0.124 p. u. 

Table 6.5: Performance comparison between dc link with a capacitance of 4000 µF versus 
8000 µF 
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6.7 Conclusions 

These values highlight the choice of design value for the dc link capacitance. Reducing the 

value of capacitance leads to poorer output power quality but an increase in the energy 

captured because the dc link voltage can change more quickly in response to the change in 

power angle of the inverter to track Cp�i. ax and vice versa for higher values of capacitance. 

6.7 Conclusions 

This chapter has demonstrated the feasibility of controlling both the real and reactive power 

out into the grid from a permanent magnet synchronous generator operated at variable speed 

using a frequency converter. When no turbulence or rotational effects are included in the 

input to the wind turbine model the control scheme can follow Cp1zax effectively. In the 

real windy situation the stochastic nature of the wind and the rotational effects introduced 

by the blades sampling the free wind stream contrive to move the wind turbine away from 

the maximum power coefficient operating point, Cpmax, and therefore energy is lost when 

compared with the maximum theoretical value. 

The variable speed operation also leads to improved grid connection with the power delivered 

to the grid being far smoother than for the fixed speed case and this is expanded in the 

next chapter. The terminal voltage can be maintained at any setpoint required by the grid 

connection agreement, either at unity or at a value determined by the reactive power that 

the wind turbine is required to contribute. The dc link capacitance issue has been addressed 

with 4000 pF giving good overall controllability of the dc link voltage whereas 2000 pF is 

too low for power quality and 8000 µF too high for Cp�+ax tracking. 

The results presented in this chapter rely on a quasi-static method for simulating a per- 

manent magnet generator coupled to the grid via a rectifier and voltage controlled inverter 

arrangement. Interpolation techniques were used at each iteration step to track through 

look-up tables representing the airgap power transfer and injected dc link current and 

power transfer used to represent the inverter. The main reason for such an approach was 

the predicted simulation time savings and the main difficulty encountered was interpolating 

accurately and quickly. The time savings presented in section 5.3.2 did not materialise as 

80 seconds of simulation took about 5 hours to run. This was still four times quicker than 

a full non-linear simulation would take. The difficulties with interpolation arose because of 

the non-linear nature and steep gradients present in the look-up tables. The airgap power 
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transfer table is plotted out versus rotor speed for constant values of the dc link voltage in 

Figure 6.36. 

Module Pac versus rotor speed as dc link voltage varies 

Cp_max 

Rotor Speed (rads/s) 

Figure 6.36: Airgap Transfer Table 

Taking the case of the mechanical input and airgap power output for the windspeed of 9 

m/s shown in Figure 6.17. At a time of about 10 seconds a large spike can be seen on 

the second plot which occurred at a rotational speed, shown on the third plot, of between 

3.2 and 3.3 rads/s. This corresponds to point A on Figure 6.36. Further work is required 

to control this simulation error by ensuring the data in the look-up tables is more evenly 

spaced and highlights the fact that a simulation is only as good as the data entered into 

it. This concludes the variable speed modelling and a comparison between the fixed and 

variable speed operation of the permanent magnet, synchronous generator with each other 

and the industry standard gearbox and induction generator is presented in the next chapter. 
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Chapter 7 

Comparison between fixed and 

variable speed operation of the 

permanent magnet generator 

T 
his chapter describes a comparison between the performance and system cost of the 

fixed and variable speed operation of the permanent magnet, synchronous generator 

to identify the key criteria for improving each design and to discuss which is the best mode 

of operation for such a generator. 

The perceived advantages of operating the wind turbine at fixed or variable speed in terms 

of energy capture, smoother power, load alleviation and generator design freedom were 

introduced in Chapter 5 and used to develop designs for a range of variable speed generators. 

The performance of the 458 kW rated, variable speed, permanent magnet generator was 

examined in Chapter 6 and it is now necessary to compare and contrast the designs and 

their performance with the fixed speed generator designs developed in Chapters 3 and 4. 

Each of the perceived advantages is compared using the modelled designs and their perfor- 

mance to assess to what extent the arguments hold. The fixed and variable speed designs 

are compared in terms of weight, cost and reliability to ascertain which is the most likely 

mode of operation to be pursued further. The designs are then compared with the industry 

standard gearbox driven induction generator design to assess the benefits of the direct drive 

generator. Finally the key design drivers for both systems are identified and areas which 
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7.1 A comparison of energy capture 

Variable speed 4.56 kWh 
Fixed speed 4.108 kWh 
Energy capture increase 

. 453 kWh 

Table 7.1: A comparison of energy capture 

should be targeted for re-design to improve the performance are explored. The conclusion 

to the chapter presents whether the direct drive generator is the way forward in terms of 

wind turbine re-design and if so which mode of operation should be used. 

7.1 A comparison of energy capture 

In the last chapter energy capture information with the Cpmax and reactive power setpoint 

controller was presented for the variable speed operated multi-pole, permanent magnet 

synchronous generator for a wind time series history with an AMWS of 9 m/s. This wind 

time series history will now be used to compare the energy capture performance of the fixed 

and variable speed operated generator and is shown in Figure 7.1 with the resulting airgap 

power histories in Figure 7.2. The resulting energy capture at the airgap during the fifty 

seconds of wind data is presented in Table 7.1. 
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Figure 7.1: Windspeed time history input to the models 

There is a clear increase of 11.2 % in the energy captured by the wind turbine at the airgap 

of the variable speed generator when compared with the fixed speed case. However it is 
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Figure 7.2: The airgap power for the fixed and variable speed case 
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Figure 7.3: The loss mechanisms for the fixed and variable speed case 

the power out of the generator terminals, i. e. at the point of the grid connection metering, 

which is important in terms of evaluating the increased revenue stream generated by the 

variable speed operation. This power out is determined by the losses present from the airgap 

power to the grid connection. These loss mechanisms can be seen in Figure 7.3. 

Taking these loss mechanisms into account gives rise to the responses seen in Figure 7.4 

for the resulting output power to the grid. The resulting energy input to the grid and the 

revenue returned, assuming a flat rate of 4 p/kWh, can be seen in Table 7.2. The values for 

the energy capture can be converted to a value for the revenue earned over the simulation 

run by converting from kJ to kWh and multiplying by the flat rate. 
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Figure 7.4: The delivered power for the fixed and variable speed case 

Variable speed 3.95 kWh 
Fixed speed 3.947 kWh 
Energy capture increase 0.003 kWh 
Variable speed revenue 15.81 p 
Fixed speed revenue 15.80 p 
Increase in revenue 0.01 p 

Table 7.2: A comparison of delivered energy and revenue 
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7.1.1 Application to yearly energy delivered to the grid 

The problem, now, is how can the effectiveness of the variable speed wind turbine over the 

fixed speed turbine at capturing the energy in this 80 seconds of wind time series information 

be applied to the comparison presented in section 5.1.2 and a figure established for the yearly 

energy delivered to the grid. The Raleigh distribution assumes that the variable speed wind 

turbine is always operating at Cpmax for wind speeds below rated and furthermore does not 

take into account switching losses in the inverter or losses in the generator itself. 

Two programs have been written to analyse the energy flows from the wind turbine blades 

to the energy transmitted to the grid which includes all the relevant losses for the fixed 

and variable speed simulation models. The results for the energy captured and the energy 

transmitted to the grid, after all the losses have been taken into account, can be used to get 

overall efficiencies for the wind turbine, operating at fixed or variable speed, based on runs at 

different wind speeds. These can be used to ascertain the effective loss from that predicted 

by the Raleigh distribution. The energy flow analysis gives rise to a series of effective 

efficiencies versus wind speed and these once multiplied by the result for the energy at a 

given wind speed from the Raleigh distribution give an approximate method for obtaining 

the operational energy delivered by the 455 kW fixed and variable speed wind turbines to 

the grid. These yearly figures for energy delivered to the grid and resulting revenues are 

presented in Table 7.3. The revenues are again evaluated for the energy delivered to the 

grid over the year at a flat rate of 4 p/kWh. 

Variable Speed 1403.1 MWHr/yr 
Fixed Speed 1383.9 MWHr/yr 
Energy delivered increase 20 MWhr/yr 
Variable speed revenue X56156 /yr 
Fixed speed revenue X55356 /yr 
Increase in revenue X800 /yr 

Table 7.3: Comparison of yearly energy delivered to the grid and resulting revenues 

7.1.2 Discussion 

The 1.4% increase in energy delivered to the grid and resulting revenue of the variable 

speed over the fixed speed case would lead to an increased revenue per year of . 800 with 

the assumptions made above. However this increase in yearly revenue would be partially 
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offset by the cost of the rectifier and inverter equipment. A discounted cash flow analysis 
[109] [110] is carried out in section 7.4.4 between both the fixed and variable speed wind 

turbines and also for a induction generator and gearbox arrangement to see which is the 

most cost effective. Furthermore the increased component count for the rectifier and inverter 

system might lead to more down time for maintenance. However the smoother power flow 

and the reduced number of tiers for the variable speed case would lead to a lighter generator 

and lower tower costs. 

7.2 The grid connection performance comparison 

As was mentioned in the previous section, the increase in energy capture of the variable 

speed over the fixed speed case will lead to a slight increase in revenue stream over the 

lifetime of the plant but more important now is the improvement in the quality of the 

real and reactive power into the grid. The reactive power flow for the fixed speed case is 

uncontrollable when compared with the variable speed case and the real power transfer is 

much more variable. However the voltage regulation is not an issue for a well designed fixed 

speed turbine which generates one per unit emf at rated speed and is more of a control 

problem for the variable speed case. Each of the these points will now be discussed. 

7.2.1 Reactive power flow for simulated wind speed of AMWS 9 m/s 

A comparison of the reactive power flow for the fixed and variable speed case can be seen 

in Figure 7.5. It is clear that the reactive power for the fixed speed case is uncontrollable 

yet the low reactance between the inverter and the grid means that the variable speed case 

is far worse in terms of the fluctuations. The standard deviation of the reactive power for 

the fixed speed case is only 0.029 per unit whilst that for the variable speed case is 0.12 per 

unit. This dearly needs to be improved through better control of the dc link voltage. 

However the bonus for the variable speed case in that for a setpoint of 0.2 per unit the mean 

of the reactive power for the variable speed case is 0.22 whereas there can be no setpoint for 

the fixed speed case and it has a mean of -0.15. The effect of this on the cost of connecting 

such a wind turbine to the grid would be to increase the revenue from the National Grid 

Company for the reactive power supplied for the variable speed case and a penalty for the 
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Figure 7.5: Reactive power comparison between fixed and variable speed case for wind speed 
with AMWS of 9 m/s 

reactive power consumed by the fixed speed case [105]. 

7.2.2 Real power quality for simulated wind speed of AMWS 9 m/s 

A comparison of the real power flow out into the grid for the fixed and variable speed case 

can be seen in Figure 7.4. It is dear that the real power flowing into the grid is much 

less smooth for the fixed speed case and therefore the variable speed case is far better. In 

fact the standard deviation of the real power transmitted to the grid for the fixed speed 

case is 0.18 which is far worse than for the variable speed case which is only 0.13 per unit, 

an improvement of about 26.4 %. This figure underestimates the possible improvements 

because of the extra variation introduced by interpolation problems and the improvement is 

more likely to be around 40 % in the real system. The effect of this on the cost of connecting 

such a wind turbine to the grid needs to be quantified, but it would certainly result in much 
less fatiguing of the components of the wind turbine and could be used to justify extending 

the turbine's working life which is typically about 20 to 25 years at present. 
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7.2 The grid connection performance comparison 

7.2.3 Voltage regulation for simulated wind speed of AMWS 9 m/s 

A comparison of the per unit voltage regulation for the fixed and variable speed case can be 

seen in Figure 7.6. It is clear that the voltage regulation is better for the fixed speed case in 

this instance and the variable speed case is little worse. This is undoubtedly due to the poor 

performance of the PI controllers used which cannot track ramp like functions particularly 

well and the steepness of the power transfer against dc link voltage characteristic. As the 

rotor speed to dc link voltage setpoint for Cpmax ramps up with increase in rotor speed and 

the setpoint lies on the steep portion of the curve for efficient operation of the generator 

and rectifier any slight error leads to a degradation in voltage control. Furthermore there 

is an increase in error due to the poor level of decoupling between the maximum power 

controller and the Vdc setpoint controller. However both controllers would be within the 

limits imposed by a REC. Further work is required in this area to reduce the coupling and 

this is discussed in the next chapter. The overall standard deviation for the terminal voltage 

of the variable speed case is 0.026 per unit, thirty times larger than that of the fixed speed 

case. However the terminal voltage of the fixed speed case would deteriorate in a weak 

grid as the frequency, and hence terminal voltage, of the generator could alter. The voltage 

regulation of the variable speed case should remain at a similar level in this situation. 
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Figure 7.6: Voltage regulation comparison between fixed and variable speed case for wind 
speed with AMWS of 9 m/s 

The effect of this on the cost of connecting a variable speed wind turbine to the grid would 
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be dramatic because if the generator voltage could not be controlled sufficiently it would be 

disconnected leading to zero revenue stream. The voltage control is improved with increase 

in the dc link capacitor but again this would increase the cost of the whole system. 

7.3 Comparison of design values and cost 

The preceding sections showed the definite advantage of operating the wind turbine at 

variable speed in terms of the quality and quantity of the real power. However the fixed 

speed case comes out well in terms of voltage regulation and, although the fixed speed 

generator absorbs reactive power, it has a much reduced fluctuation when compared with 

the variable speed case. It is now necessary to compare the designs themselves and see if 

they are actually cost effective. 

7.3.1 Comparison of generator weight 

A comparison of the overall weights of the fixed and variable speed designs can be seen 

in Figure 7.7. It is clear that the variable speed generator itself will be lighter than its 

equivalent rated fixed speed generator. 
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Figure 7.7: Weight comparison between the fixed and variable speed case 

248 



7.3 Comparison of design values and cost 

7.3.2 Comparison of resulting capital cost 

A comparison of the corresponding material costs, neglecting construction costs which are 

considered to be the same proportion extra for each case, for the fixed and variable speed 

designs can be seen in Figure 7.8. It is clear that the variable speed generator itself will be 

cheaper than its equivalent rated fixed speed generator. 
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Figure 7.8: Cost comparison between the fixed and variable speed case 

However the capital cost of the variable speed generator would be considerably increased 

by the cost of the inverter. Such a cost cannot be estimated because of the lack of detailed 

information and therefore what can be said is that the rectifier, tuning capacitors, dc link 

capacitor and inverter must be less than 40 % of the capital cost of the variable speed 

generator on average for the capital costs to be equivalent to the fixed speed case across 

the range. Costing does, however, not merely depend on the initial capital cost but also 

on the expected revenue stream over the lifetime of the plant and this can be calculated 

by using a discounted cash flow rate of return analysis. This is carried out in section 7.4.4. 

This would be the tool that investors would use to evaluate the relative merits of a project, 

but it is heavily dependent on the assumed interest rate and lifetime of the plant. If the 

advantage accrued from the increased revenue stream for the variable speed case and cost 

due to the inverter and rectifier did not lead to a pay back until after the lifetime of the 

plant then this arrangement would be unsuitable. 
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7.4 Comparison against the gearbox and induction genera- 

tor configuration 

Again there are two key areas where comparison must be made between the industry stan- 

dard fixed speed gearbox and induction generator arrangement and the fixed speed and 

variable speed direct drive generator: firstly, performance in the windy environment in 

terms of the quality of the power out and, secondly, comparison on weight, cost and re- 

liability. However to do this requires a simulation model for such a standard induction 

generator and gearbox. The development of such a model will now be described and then 

the key comparisons, mentioned above, will be carried out to determine which is the best 

step forward to take in terms of this avenue of wind turbine design. 

7.4.1 Induction generator plus gearbox model 

A simple representation of an induction generator plus gearbox drive train can be seen in 

Figure 7.9. This simplified representation is adequate for the dynamic modelling of the 

wind turbine in the time scales required for a comparison of control action and resulting 

energy capture [65]. 

Tgrtr. 

Tem 

Figure 7.9: Induction generator and gearbox model representation 

GOVERNING EQUATIONS. The system shown in Figure 7.9 can be represented by 

a fourth order model comprising four first order differential equations which govern the 

behaviour of the low speed shaft torque and rotational speed and the electrical reaction 
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torque and rotational speed. These equations are now listed. 

The low speed shaft speed is governed by the equation, 

1 (T qt, - Tq! 
a - cjawl. ) (7.1) w! a =1 ils 

The low speed torque is determined by, 

k, 8 
(wt, - W) 

(7.2) T 413 =k + kh-aN2 

The high speed torque is found from, 

Tgld =d (Tq, pc�slip - Tqld) (7.3) 
77 

Finally the high speed shaft rotational speed is given by, 

1 
- Jhs 

(Tz$ 
N-T qld - ChsWid (7.4) 

Inherent in the above set of equations is the linking between the inertias and speeds of 

the low and high speed by the correct use of the gearbox gear ratio, N. Furthermore the 

induction generator is assumed to operate at fairly low values of slip and therefore the 

torque-speed curve of the induction generator can be approximated by a straight line with 

the generator reaction torque given by, 

Tem = Tqspcv X slip (7.5) 

The derivation of the above equations and the method for setting up the initial conditions 

of the wind turbine driven induction generator and gearbox are included in Appendix E. 

SIMULINK IMPLEMENTATION. This fourth order representation has been coded 

into a SIMULINK model. A schematic of the SIMULINK system can be seen in Figure 

7.10 showing how each equation relates to the others. 

INCORPORATION INTO THE WIND TURBINE MODEL. The schematic of 

the SIMULINK model shown in Figure 7.10 can be incorporated easily into the SIMULINK 

model of the three blade, partial span pitch controlled, wind turbine introduced in Chapter 
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Figure 7.10: SIMULINK model of the induction generator plus gearbox 

2. Again the spectral method is used to generate the wind speed variation used for the 

comparison with the direct drive generator. The model representing the induction generator 

and gearbox is placed where the sixth order model of the direct drive permanent magnet 

synchronous generator is shown in Figure 2.32 and this leads to the overall simulation model 

shown in Figure 7.11. The same values for the pitch controller and pitch actuation models 

are also assumed as those presented in Chapter 2 so a fair comparison can be made. 

INDUCTION GENERATOR AND GEARBOX VALUES. The values for an in- 

duction generator designed for 50 Hz grid connection at the same designed rotational speed 

of the wind turbine blades as for the fixed speed case can be seen in Table 7.4. The val- 

ues are suitably modified from those presented by Leithead for a 300 kW rated induction 

generator plus gearbox [65] to uprate them to the 455 kW power rating. 

SETTING UP THE INITIAL CONDITIONS. The initial conditions for the induction 

generator plus gearbox model are set up in a very similar manner to the fixed speed case. 

The power in the wind is calculated from the rated value of power coefficient and wind 

speed. An iterative approach is then used to evaluate the required value of rotor torque, 

found from the wind speed and power coefficient, and corresponding amount of slip to give 
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MCI 
mn 

Figure 7.11: SIMULINK model of wind turbine driven induction generator plus gearbox 

balanced operation. This procedure is outlined in Appendix E. 

7.4.2 Induction generator plus gearbox performance 

The basic performance of the simplified induction generator plus gearbox model is now 

presented for both a step change in the input torque level and in response to the torques 

generated in windy conditions. 

STEP RESPONSE. The response of the induction generator plus gearbox can be seen 
in Figure 7.12 for a one per unit step change in input torque. The resulting oscillations 
dearly last for far longer than the equivalent oscillations shown for the power angle of the 

compliant mounted permanent magnet generator in Figure 4.3. 

RESPONSE TO THE WIND SPEED WITH AMWS OF 9 m/s. The wind time 

history and corresponding power spectra can be seen in Figure 7.13. The run identifiers 

show that the same values for the pitch controller have been used as for all the previous 

results although during this simulation run as it is for below rated wind speeds there is no 

pitch action. 
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Figure 7.12: Induction generator plus gearbox step response 

(a) Wind speed with AMWS - 8.977 m/s and resulting spatially filtered wind speed 
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Figure 7.13: Wind speed and and corresponding power spectra 
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Rated Power 455 kW 
Blade plus low speed shaft inertia 175E3 Kgm- 
High speed shaft inertia 5.7 Xgm- 
Low speed shaft stiffness 1.5E6 Nm/rad 
High speed shaft stiffness 7.5E4 Nm/rad 
High speed shaft damping 0.3 Nm/rads/s 
Low speed shaft damping 1470 Nm/rads/s 
Number of pole pairs 2 
Grid frequency 50 Hz 
Efficiency 0.95 
Rated slip 1.5 % 
Gearbox ratio 42.1 
Rated rotational speed 3.79 rads/s 
Electrical Torque coefficient 1275 Nm/rads/s 
Rated electrical torque 3004 Nm 

Table 7.4: Induction generator plus gearbox values 

The resulting power coefficient, torque before and after the effect of induction lag, torque 

including rotational effects and resulting power spectrum showing the typical rotational 

peaks can be seen in Figure 7.14. This is very similar in essence to the performance of the 

fixed speed wind turbine and a comparison of the key performance indicators is included in 

the next section. 
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Figure 7.14: Power coefficient, aerodynamic torque and corresponding power spectrum 

The resulting induction generator slip, low and high speed shaft rotational speeds and tip 

speed ratio can be seen in Figure 7.15. These plots generally show the increased variation in 

angular speed for the induction generator arrangement when compared with the fixed speed, 
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grid connected, permanent magnet, synchronous generator. This could lead to increased 

fatiguing of the shaft and increased likelihood of dynamic resonances occurring. 

(a) Induction generator slip 
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Figure 7.15: Induction generator slip, low and high speed shaft rotational speeds and tip 
speed ratio 

The input mechanical power, the real power out to the grid and overall power loss can 

be seen in Figure 7.16. Comparing plots 1 and 2 with Figures 7.2 and 7.4 shows that the 

ability of the induction generator to change speed slightly with relation to the grid allows far 

greater power smoothing than for the fixed speed case but not as much as for the variable 

speed case. This is again examined at greater length in the next section. 

7.4.3 Comparison of the transient performance 

The step performance of the induction generator and gearbox system will first be compared 

against the fixed speed, permanent magnet, synchronous generator system. Then the com- 

parison will be extended to the full wind turbine simulation and include the performance 

of the variable speed permanent magnet generator configuration. 

Firstly comparing the step response of the output power to the grid of the induction gener- 

ator and gearbox arrangement, shown in Figure 7.12 against the step response for the well 

designed fixed speed operated, permanent magnet, synchronous generators, shown in Fig- 

ure 4.3, it is clear that the induction generator performance is far worse with a settling time 

of greater than 7 seconds as opposed to 2 seconds and a peak overshoot of 50 % compared 
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Figure 7.16: Mechanical power input, real power out to the grid and power loss 

with 25 %. 

Secondly comparing the performance in the windy environment in terms of the energy 

captured and the standard deviation of the power delivered to the grid, it is dear that the 

induction generator has lesser power swings but is worse at capturing the energy available 

in the free wind stream than the compliantly mounted, fixed speed, permanent magnet 

generator. The values for the energy captured and standard deviation of the real power to 

the grid for the 80 seconds of simulated wind speed with an AMWS of 9 m/s can be seen 

in Table 7.5. 

Gen. Type Induction Fixed speed PM Gen. Variable speed PM Gen. 
Energy Captured 4.13 kWh 4.11 kWh 4.56 kWh 
Energy out to the grid 3.34 kWh 3.95 kWh 3.95 kWh 
Stdev. of output power . 17 p. u. 0.18 P. U. 0.13 p. u. 

Table 7.5: Comparison of performance in the windy environment 

Clearly the variable speed operated permanent magnet generator is the best in terms of 

energy captured, energy delivered to the grid and the power quality during this simulation 

run. The advantages of the fixed speed permanent magnet generator over the induction 

generator is more difficult to judge and is really dependent on the capital cost and result- 
ing revenue from the yearly delivered energy to the grid. Figures for this yearly delivered 

energy and the resulting revenue based on 4.5 p/kWh have been calculated for the induc- 

tion generator using the same method from section 7.1.1 and are presented in Table 7.6. 
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These figures are used for comparison in the full discounted cash flow analysis presented in 

section 7.4.4. 

Energy to the grid 1277.4 MWh/yr 
Resulting Revenue X51096 /yr 

Table 7.6: Comparison of yearly energy capture 

7.4.4 Comparison on weight, cost and reliability 

The information for the comparison presented here between those values predicted for the 

direct drive generator by WINDGEN2 and WINDVARD and its geared industry equivalent 

comes from an exhaustively validated cost modelling program written by Harrison [36]. 

WEIGHT COMPARISON. Figure 7.17 shows the same weight results presented in the 

previous section but now with the industry standard weights for drive train and induction 

generator included. Clearly the fixed speed direct drive option is as light as its industrial 

equivalent at low ratings and the variable speed generator even lighter. However as the 

ratings increase this advantage reduces such that the gearbox and induction generator ar- 

rangement is lighter than both the fixed and variable speed permanent magnet synchronous 

generator. This reduction in advantage can be explained due to the increase in tier num- 

ber as the permanent magnet synchronous generator increases in rating and corresponding 

increase in the weight of magnetic and structural material required. For the fixed speed 

case the tier number increases more with rating than the variable speed case because of the 

need to design the generator to allow enough scope to design the values for the compliant 

mounting to operate satisfactorily. For the variable speed case it is merely the fact that 

synchronous generators tend to be heavier and bulkier than an equivalent rated induction 

generator. Therefore weight should not really be put forward as the key argument for im- 

plementing the direct drive permanent magnet synchronous generator designs as opposed 

to the induction generator plus gearbox arrangement. 

CAPITAL COST COMPARISON. Figure 7.18 shows the same capital cost results 

presented in Figure 7.8 with the cost of the industry standard induction generator and 

gearbox arrangement also included. Clearly the fixed speed direct drive option is cheaper 

than its industrial equivalent and the main reason for this is the increase in gearbox cost 

as rating increases. The cyclic loads on the gearbox and the large torque rating for wind 
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Figure 7.17: Weight comparison between fixed and variable speed case and industrial stan- 
dard model 

turbines with large power ratings and low rotational speeds lead to very expensive gearbox 

designs. The variable speed generator cost is shown without including the cost of the 

inverter and rectifier as these costs are difficult to quantify at present. 

DISCOUNTED CASH FLOW RATE OF RETURN ANALYSIS. This form of 

accounting analysis allows factors such as interest rates, lifetime of plant and differences in 

revenue earned to be included in the costing process. The solution to the complex procedure 

gives an indication of the cost effectiveness of different configurations in an equivalent sum 

relative to todays prices and allows a direct comparison to be made. Performing this analysis 

for the 455 kW rated wind turbine configurations gives the figures shown in Table 7.6 for 

the relative net present value of the revenue earned over the twenty five year lifetime of the 

plant assuming a discount rate of 10 %. Also implicit in this calculation is that the value of 

electricity generated and the cost of the wind turbine attached to the generator remains the 

same for all three types of generator configuration. The total cost of current wind turbines 

is about X1000 per kW installed and this figure is modified by the differential between the 

capital cost of the permanent magnet generator versus the standard induction generator 

plus gearbox to give the total turbine cost. The cost of the rectifier and inverter is neglected 
for this comparison of capital cost. 

Clearly from this analysis the induction generator plus gearbox arrangement is only just 

viable at 4 p/kWh and will be unlikely to return as good a payback until the price awarded 
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Figure 7.18: Weight comparison between fixed and variable speed case and industrial stan- 
dard model 

Gen. Type Induction plus gearbox Fixed speed PM Gen. Variable Speed PM Gen. 
Cost £70525 X66430 X34125 
Net present value £463,660 £502,470 £509,730 
Total turbine cost £455,000 £450,905 X418600 

Table 7.7: Comparison of cost versus net present value 

to wind farms under the various NFFO agreements falls to a more realistic figure. The 

fixed speed permanent magnet has a better future with a return on investment of 11.4 %. 

The variable speed permanent magnet generator has an even better return on investment 

of 21.8 % but this fails to include the capital cost of the rectifier and inverter. This is 

likely to be anywhere upto 20 % of the capital cost of the wind turbine . Performing a 

sensitivity analysis by taking this figure and a figure of 10 % of capital cost gives a return 

on investment of about 1.5 % and 10.7 % respectively. Both of these values are less than for 

the fixed speed case. However the above analysis has failed to recognise the revenue which 

could be earned by the variable speed wind turbine in ancillary contracts, e. g. supplying 

reactive power. 

RELIABILITY COMPARISON. One of the key arguments put forward for the direct 

drive option is the fact that eliminating the gearbox would lead to increased reliability and 

reduced time for maintenance. This was more valid for the early gearboxes used in wind 

turbines but a greater understanding of the cyclic forces acting on the gear boxes has led 

to better designs which function well. However maintenance is still required for lubrication 
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change which is not a problem for the direct drive generator. Furthermore the modular 

arrangement means that if one stator module is broken it can easily be replaced. In fact for 

the variable speed case the generator could continue to operate with several broken E-cores 

until a regular planned maintenance stop. This is incorporated into the design by the fact 

that the use of an integral number of tiers usually leads to about 15 % over design and 

hence 15 % of the E-cores could fail and the machine still transmit rated power. 

7.5 Design comparison of the fixed and variable speed wind 

turbines 

The key design drivers for the fixed and variable speed operated permanent magnet gener- 

ators were outlined in Chapters 3 and 5 respectively and used to develop an understanding 

of the performance of a range of generators. It is important to understand which drivers 

have the effect of increasing the weight and cost of each mode of operation and which have 

the effect of reducing performance. This analysis can be used to recommend avenues for 

further design enhancement to the multi-pole, permanent magnet synchronous generator. 

To this aim the key design drivers of each mode of operation are discussed and the limits 

on further development outlined. 

7.5.1 Fixed speed operation 

The biggest design driver for the fixed speed operation of the permanent magnet generator 

is to match the synchronous reactance of the generator to the parameters of the compliant 

mounting that is required for the necessary stability and performance to connect it safely 

to the grid. The compliant mounting design requirements are such that a heavier generator 

is needed than a generator designed purely from thermal considerations. The compliant 

mounting is also expensive leading to the cost of the compliantly mounted 455 kW generator 

being X146 per installed kilowatt [47]. So to improve the fixed speed arrangement's cost 

further would require eliminating the compliant mounting or redesigning it. 

The first option, that of eliminating the compliant mounting completely, would require a 

larger pole pitch, thus allowing room for conventional damper windings or another form 

of damping altogether. The former option could only be achieved by larger generator di- 
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ameters or higher rotational speeds. A larger generator diameter, of similar radius to the 

Enercon E40 [55], would allow a fundamental redesign of the permanent magnet genera- 

tor configuration. However for this to be more economic would require that the damper 

windings could be inserted easily and a low synchronous reactance from a lesser number of 

stator tiers. This is becoming more like a conventional generator which has been shown to 

be unlikely to suit the wind turbine application and still be economic [47]. The second op- 

tion of increasing the rotational speed would still require the insertion of damper windings 
but would also need a speed increasing gearbox. Including a gearbox would reverse the step 

forward taken in this thesis and is therefore unacceptable. However a case could be made 

for a single stage, low ratio gearbox, say 2: 1, which would be relatively light, cheap and 

easy to maintain [36], coupled to a redesigned generator with half the number of poles and 

therefore twice the pole pitch. This could lead to cost savings but is speculative and would 
have to be the subject for further work. 

The second option, changing the compliant mounting arrangement, would not necessarily 
lead to any real cost saving. The requirement for a low synchronous reactance is fundamental 

to the peak power that can be delivered to the grid and therefore a larger number of tiers is 

still required. However changing to say a hysteretic rubber mounting arrangement or active 

damping [88], might lead to a reduction in the compliant mounting cost. This kind of 

arrangement would have a non-linear damping response perhaps proportional to the stator 

velocity squared. This would change the eigenvalue analysis presented in chapter 4 as now 

the cö, terms would become cE, 
2 terms. When linearised this would mean that the effect 

of the compliant mounting, c, would be twice as much as before. The effect on this on the 

overall generator performance and design could also be the subject of further work but it is 

felt that any performance improvement would be marginal and that the overall cost of the 

generator would only reduce slightly. 

7.5.2 Variable speed operation 

The largest benefit of the variable speed operation of the permanent magnet generator is 

not, as has been thought of for some time, energy capture but the increased control of the 

output power to the grid and the reduced overall weight when compared with the fixed speed 

case. The main design driver in terms of low capital cost is the expense of the frequency 
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converter. The inverter is likely to be the predominant cost of the frequency converter 

and therefore work to reduce the number of IGBT's required and their associated driver 

circuitry whilst maintaining the controllability and restricting the harmonic distortion of 

the terminal voltage is required. The generator could also be redesigned to use different 

numbers of magnet blocks per module as there is no restriction of frequency. The effect of 
both of these areas on system cost and performance needs to be assessed. 

7.6 Conclusions 

These conclusions are really included to re-emphasise the point that there is a hierarchy 

to the scale of engineering and cost when moving between the different designs and the 

resultant changes in overall performance should justify the increased cost and design effort. 

When comparing the fixed speed, direct drive, multi-pole, permanent magnet, synchronous 

generator against the standard induction generator plus gearbox arrangements, both designs 

have a similar cost but the former design wins on performance and loses on weight as the 

rating increases. Therefore if fixed speed operation is desired the compliantly mounted, 

permanent magnet, generator is the preferred option for the future. However there are 
improvements to be made in terms of better power quality and reduced weight when moving 

to the variable speed case with an increased revenue stream but quite a large question mark 

over the cost improvement due to the uncertain data about inverter costs. A presenter at 

the Clean Power 2001 conference in 1993 answered the question on cost with a figure of 20 

% of the total capital cost of a wind turbine. As the generator is only 5 to 10 % of the 

capital cost of a wind turbine this would lead to an increase in cost from the variable to 

fixed speed turbine of 11 %, excluding any benefits from tower or blade redesign, with only 

a slight increase in return on investment over the lifetime of the plant. Therefore the fixed 

speed option is preferred until the capital cost of the inverter reduces to a low enough level. 

Comparing a variable speed induction generator plus gearbox against the variable speed 

permanent magnet generator there is a definite cost advantage for the permanent magnet 

generator as both would use similar costing equipment for the frequency converter and, 

assuming similar energy capture, the differential in capital cost for the generators would 

be the only real difference between the two schemes. Hence the variable speed permanent 

magnet generator is preferred costing about 8% less. 
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Chapter 8 

Conclusions and further work 

T 
he key points of chapters 1 to 7 are first summarised and then overall conclusions 

for the thesis presented. These conclusions show that a valuable tool for simulating 

and comparing the operation of fixed and variable speed multi-pole permanent magnet 

synchronous generators for wind turbine applications has been developed. Several areas 

where further work is needed to take the results presented in the thesis and apply them to 

the real wind turbine design situation are then presented. The original contribution of the 

author is discussed with reference to several published papers and the chapter concludes 

the thesis with a brief summary of the benefits derived from this work. 

8.1 Chapter summary and key conclusions 

Each chapter of the thesis has been devoted to developing arguments in support of the use 

of the direct drive, multi-pole, permanent magnet, synchronous generator to bring down 

the overall complexity, weight, cost and improve the performance of wind turbines. It is 

now appropriate to include a section which summarises the key points raised and attempts 

to assess whether the aims of the research presented in section 1.3 have been achieved. 

CHAPTER 1. The first key point that was raised in this chapter was that wind produced 

electricity has a very low environmental impact and is one of the most economic of all the 

renewables with a predicted cost of generated electricity of 3.5 p/kWh by the year 2000. 

Furthermore arguments were presented which concluded that the industry standard wind 
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turbine that would be simulated as a test bed for the permanent magnet generator was a 

three blade, partial span pitch controlled, upwind, horizontal axis, wind turbine. 

CHAPTER 2. Firstly, methods for representing the complex nature of the wind interac- 

tion with the turbine blades were presented in this chapter to obtain a method for deriving 

suitable simulation models for the developed shaft torque of three blade wind turbines. The 

discrete spectral methods proposed by [58] [65] and discrete point wind speed models of [40] 

were implemented and compared. The comparison revealed that the spectral method was 

necessary for simulation of the real wind situation and the point wind speed model required 

for preliminary understanding of the dynamic interactions within the turbine and the design 

of suitable controllers, which is most easily achieved using step response information. The 

spectral method was validated against wind data provided by NREL with good correlation. 

Secondly, the modelling of a suitable pitch control strategy for limiting the power into the 

wind turbine to ensure rated operation of the generator was presented and the methods 

for designing a suitable pitch controller and actuator discussed. The resulting power curve 

versus wind speed was validated for a 500 kW rated wind turbine against the Vesta's 500 

and reasonable agreement reached. 

CHAPTER 3. The design, theory, modelling and validation of the fixed speed, direct 

drive, multi-pole, permanent magnet, synchronous generator was presented in this chapter. 

The operation of the compliant mounting to provide suitable level of damping was intro- 

duced and a sixth order model representing the situation developed. A testrig at UMIST 

was then used to validate the model using both linearisation and simulation. The measured 

transient responses of the resulting stator movement and armature current for both step 

changes in input torque and after synchronisation to the grid were compared and good 

agreement reached. 

CHAPTER 4. Firstly, the key dynamic interactions between a generator rated at 455 kW 

and the compliant mounting were analysed using eigenvalue techniques and full non-linear 

simulation to match the proposed modes of oscillation to the system. These showed that 

it was necessary to design the generator to have a low value of synchronous reactance to 

ensure mode 1 operation (where the generator rotor and stator oscillate together against the 

anchor point with a frequency of response determined by the spring stiffness, k, and damping 

coefficient, c, of the compliant mounting). For the generator to have a low synchronous 
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reactance it is necessary to typically have an extra tier than is required from consideration of 

the electric loading alone. Therefore fixed speed and hence compliantly mounted generators 

are heavy and over rated to fulfill the damping requirements for stability and good transient 

performance. Furthermore the manufacture of the compliant mounting and the flexibility 

associated with it leads to a high cost of generator of the order . 146 per installed kilowatt. 

This is however comparable with the cost of an induction generator plus gearbox which 

would cost in the range X155 per installed kilowatt for the same rating [36]. The eigenvalue 

analysis was then extended to a range of generators with ratings typical of the wind power 

application from 200 kW to 1.5 MW. Across the range the same design requirements applied 

and `best' designs for each rating were presented. 

Secondly, the synchronisation requirements of the 455 kW generator were explored through 

full non-linear simulation and it was found that the generator would synchronise to the 

grid at large values of speed and angular mismatch. The implementation in the real wind 

situation was then considered and again the pitch controller could act to ensure successful 

synchronisation. This is an important result because the only control over the permanent 

magnet generator is the pitch control as there is no automatic voltage regulator. 

Finally, the dynamic interactions between the generator and the wind turbine were examined 

with key results presented for the cases with wind speeds below and above rated levels. It 

is dear that the performance is satisfactory. The effect of the varying shaft torque from 

the wind on the performance of the compliantly mounted, permanent magnet, synchronous 

generator was shown to depend on the values for the compliant mounting. This vindicated 

the design procedure based on eigenvalues and step response information from full non-linear 

simulation as a means to design for the windy environment. 

Chapter 4 clearly demonstrated the viability of the fixed speed, multi-pole, permanent mag- 

net, synchronous generator for wind power applications but problems associated with the 

operation of the compliant mounting mean that the cost, weight, and performance advan- 

tages over the industrial standard case of a gearbox and induction generator, although good, 

are not as great as at first thought and therefore the variable speed case was considered. 

CHAPTER 5. The theory, design and modelling of suitable schemes for the variable 

speed operation of such a multi-pole, permanent magnet, synchronous generator was intro- 

duced in Chapter 5. The lack of a compliant mounting in this system, as damping at the 

266 



8.1 Chapter summary and key conclusions 

generator is no longer needed, and the freedom to design at any frequency, because of the 

introduction of a frequency converter between the generator and the grid, led to generator 

designs which were upto a third lighter and therefore considerably cheaper. However the 

frequency converter brings cost and complexity penalties which were difficult to quantify 

and therefore a performance comparison was carried out. To compare the fixed and vari- 

able speed systems required new control aims to be developed for the frequency converter 

to demonstrate the perceived performance advantages of the variable speed system. These 

were again implemented on SIMULINK. 

The method of simulating the variable speed generator and frequency converter as several 

lookup tables representing power transfer and control loops representing the action of the 

inverter whilst ignoring any detailed modelling of the E-core, rectifier and inverter small 

time scale transients meant that longer time simulations could be carried out more easily 

and overall control strategies developed. It is considered to be a valid approach to assess 

the performance at this time scale level. 

CHAPTER 6. The performance of a 455 kW variable speed operated wind turbine was 

assessed in this chapter with key results presented for below and above rated wind speed 

levels. Control strategies to track Cp,,, ax, maintain the terminal voltage of the inverter at 

rated value and even to maintain a reactive power setpoint were developed and tested using 

step responses with good overall demonstration of the powerful capabilities of the frequency 

converter. 

The operation at variable speed leads to only a 1.2 % increase in delivered energy to the grid, 

but does lead to a 26.4 % reduction in the standard deviation of power into the grid and 

allows a reactive power setpoint to be implemented. However the variable speed operation 

does lead to a degradation in the standard deviation of reactive power flow into the grid 

over the fixed speed case due to the low value of transmission reactance and better control 

of the terminal voltage is required. Once sorted this would lead to an increased revenue 

stream for the variable speed over the fixed speed case. The effect of the dc link capacitance 

was not that marked in terms of power quality and controllability of the dc link voltage 

with the value of 4000 pF a reasonable choice. 

CHAPTER T. Firstly, the performance, weight and cost of the fixed speed and vari- 

able speed generators were compared across the range of generator ratings to assess which 
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mode of operation was the most likely to lead to substantial reductions in the cost of gen- 

erated electricity over the lifetime of a wind energy conversion system. The discounted 

cash flow analysis and performance comparison concluded that for fixed or variable speed 

operation the permanent magnet generator is an improvement over the induction generator 

and gearbox arrangement but that when comparing fixed or variable speed operation of the 

permanent magnet generator the cost of the inverter was critical. 

8.1.1 Key conclusions 

To sum up then, the direct drive permanent magnet generator is an important step in 

the development of wind energy conversion systems. It combines the elegance of removing 

the gearbox from the overall drive train of the wind turbine with a very practical solution 

in terms of low cost, good performance and a well thought out manufacturable design. 

Both the fixed speed and variable speed operation of such a turbine are an improvement 

over the equivalent competition, the industrial standard induction generator and gearbox 

arrangement. However further comparison must be made to justify the increase in revenue 

stream of the variable speed over the fixed speed operation of the generator versus the 

increase in cost due to the inverter. The author feels that the costs of IGBT's will reduce 

considerably as increasing design knowledge is gained and at the same time ratings will 

increase dramatically as module technology is matured. This will lead to the variable speed 

operation of the generator as being the preferred mode of operation. 

8.2 Suggestions for further work 

It is important in any piece of work to realise the constraints of time and the need to deliver 

some concrete conclusions and therefore many promising avenues of research have had to 

be curtailed to keep the main thread focussed. The suggestions for further work logically 

break into three main areas: firstly enhancements to the wind turbine model, secondly 

fixed speed operation, and thirdly variable speed operation. These will now be discussed in 

greater detail. 
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8.2.1 Enhancements to the wind turbine model 

There are several possible enhancements to the wind turbine model which would make it 

more accurate and enable other design issues to be addressed. 

TOWER AND BLADE STRUCTURAL MODELLING. The incorporation of tower 

and blade structural modelling into the SIMULINK model would add to its complexity 

considerably but would also allow the two dynamic interactions not considered so far to be 

analysed and total wind turbine design would be possible. This is particularly important 

in reducing the overall costs of wind turbines as `soft-soft' designs are a lot lighter and can 

therefore be built with taller towers and capture even more energy [36] [50]. 

The effect of tower movement would be to alter the dynamic performance of the compliant 

mounting and the effect of blade movement would be to alter the effective wind speed seen 

by the blades. These two effects would be represented by lumped mass, spring and damper 

systems with values derived from finite element work. These effects could be incorporated 

into the SIMULINK model as a time variation superimposed on the stator rotational speed 

effective wind speed respectively. This would allow a consideration of the tower and blade 

bending moments and resulting fatiguing to be introduced into the models. 

STALL REGULATION. Stall regulation is becoming more in vogue as a simple method 

to limit the power input to the wind turbine hub shaft because the understanding of the 

shock loading on the turbine blades is increasing due to the large research effort in this area. 

Stall regulation can easily be incorporated into the wind turbine model. Instead of a pitch 

controller and 2d-lookup table referenced by tip speed ratio and pitch angle to determine 

the power coefficient, C,, a single function dependent on the tip speed ratio and derived 

from manufacturer's measured power curve data for a stall regulated wind turbine could 

be used. This process has already been mostly implemented with data from [55] but was 

considered not appropriate to this thesis because of the chosen test bed design. However it 

would be useful to compare the pitch and stall regulation for both fixed and variable speed 

operation to see which offered superior performance. 

ADVANCED PITCH MECHANISMS. Models for advanced pitch mechanisms and 

their control algorithms could be tried and tested using the simulation libraries of the wind 

turbine to establish better ways of moderating the power into the shaft of the wind turbine. 
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8.2.2 Fixed speed operation 

The main area that needs to be improved here is the incorporation and modelling of other 
damping mechanisms which may lead to better modes of oscillation and the elimination of 

the requirement to have an extra generator tier. 

OTHER DAMPING MECHANISMS. Other damping mechanisms have been reported 
for this kind of compliantly mounted permanent magnet generator [88] but only perfect 

viscous dampers have been modelled in this thesis. One favourable idea is to use hysteretic 

rubber mountings which would fulfill both the support, stiffness and damping roles in one 

simple to manufacture block and could lead to cost savings and increased system simplicity. 

8.2.3 Variable speed operation 

There are three main areas where further work is required. Firstly and most importantly 

validation and implementation of a variable speed test rig, secondly development of better 

control algorithms and finally an in-depth look at the possible redesign of the generator. 

VALIDATION. The most important further work that must be carried out here is the 

validation of the assumptions presented in Chapter 5 in developing the variable speed. The 

key assumptions that switching transients can be ignored over the timescales of the wind 
induced dynamic interactions must be validated either through a CASED simulation [1111 

or by suitable control of the dc motor driven variable speed test rig in the laboratory [96]. 

CONTROL ALGORITHMS. The control algorithms presented for the control of the 

inverter to decouple the real and reactive power control are easy to implement and to 

understand. However more advance state space techniques to decouple these two control 

requirements exist [108] [107]. The benefit in terms of reduced voltage regulation by contin- 

ually adjusting the inverter control ratio, Kvand power angle, a, as opposed to changing 

the control ratio discretely as presented in Chapter 6 could be considerable. 

GENERATOR REDESIGN. There are no restrictions placed on the variable speed gen- 

erator in terms of either design for the compliant mounting nor frequency of operation and 

therefore some substantial cost savings could be introduced if the generator were redesigned 

to be lighter or more easy to manufacture. This re-design process should focus on the size 

of the E-cores and the number of magnet blocks per rotor module. The arrangement used 
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in the thesis used two block per magnet module but there is no reason why this could not 
be extended to four or six and would lead to an increase in the airgap size which could 

ease manufacture and assembly considerably. Furthermore redistribution and resizing of 

the E-cores may lead to a reduction in the minimum tier number to satisfy the electric 
loading. These redesigns should, however, maintain the modularity of the generator which 

is key to many of the performance enhancements seen in the thesis. 

8.3 Original contribution 

The author feels that his original contribution to this thesis can be split into several areas 

relating both to the development of the simulation models for the fixed and variable speed 

operation of the generator and the theory of their operation. This next section outlines 

the author's contribution to each simulation model and its performance in turn. Firstly 

the wind model will be discussed, then the compliant mounting and fixed speed permanent 

magnet generator and finally the variable speed generator and frequency converter. 

8.3.1 Wind Modelling 

Although the wind model has been developed from work into effective wind speed models 
[58] it has never been implemented on SIMULINK nor applied to the variable speed case. 

8.3.2 Fixed speed generator modelling and performance 

The design program and values it returned for the fixed speed design of generator was 

written by Prof. E. Spooner [76] and the values for the wind turbine were found from [36]. 

The simulation of a permanent magnet generator has been carried out before [78] [46] but 

not using SIMULINK and certainly not one which was compliantly mounted apart from 

[88] which is DC motor driven and not wind turbine driven. Eigenvalue analysis of the 

type carried out for the generator and presented in [112] [51] has also not been undertaken 

except in [88]. Furthermore the modes of oscillation analysis and presentation of the design 

drivers for a fixed speed, wind turbine driven, compliantly mounted, multi-pole, permanent 

magnet, synchronous generator has not been done before [113]. 
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8.3.3 Wind turbine driving the fixed speed, permanent magnet, genera- 
tor model 

Leithead has developed a model for coupling a wind model to an induction generator but 

this differs in both simulation language and generator model so that although pretty similar 

to the model developed in Chapter 2 and 3 in overall nature they are considerably different 

in actual design. This has not been done elsewhere and therefore the simulation is novel. 

8.3.4 Variable speed wind generator modelling and performance 

The modelling of the variable speed generator has not been done elsewhere using the tech- 

niques used in this thesis. A mixed signal simulator such as SABER or dedicated suite 

of user written `C' programs are typically used for modelling systems like the wind driven 

permanent magnet generator and frequency converter and these tend to be very expensive 

both in terms of time and money. Using the steady state characteristics for power transfer 

out of the generator and rectifier, although slightly inaccurate, has allowed suitable control 

strategies to be developed quite easily and their performance analysed quickly [114]. 

8.4 Benefits and final conclusions 

To conclude then, the author feels that his original contribution to this thesis has led to an 

increased understanding of the modelling, dynamics, and control of direct drive, multi-pole, 

permanent magnet, synchronous generators for wind turbine applications. The study of 

the performance and likely comparative costs between fixed and variable speed operation of 

such a turbine has indicated variable speed operation as the way forward. However the fixed 

speed operation of the wind turbine should not be discounted where the cost of maintaining 

and installing the inverter is too prohibitive, for instance in offshore structures, nor if the 

predicted price reductions of IGBT technology do not materialise. A suite of simulation 

programs have been built and validated as much as possible which can now be used as a 

basis for a variety of projects to enhance the fixed or variable speed designs options further. 

Future work for the first option should concentrate on generator redesign to reduce the 

number of tiers to give mode 1 operation and concentrate on control strategies and inverter 

topologies that will require the least silicon for the second option. 
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Appendix A 

Wind Modelling Equations 

T 
his appendix contains all the key equations for the aerodynamic modelling of the 

wind and its interaction with a three blade wind turbine. Firstly the point wind 

speed equations are developed and secondly the spectral method is described. 

A. 1 Discrete Point Wind Model Equations 

The total wind speed is given by, 

UWind = UBase + UGust + URamp + UNaise ýA"1) 

The base wind component is given by, 

UBase = KBm/s (A. 2) 

The gust wind component is described by the equation, 

0t< T1G 

UGust = Ucos TlG <t< T2G (A. 3) 

0 t>T2G 
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A. 1 Discrete Point Wind Model Equations 

where, 

Ucoa = (MAXG/2)(1- cos27r[ 
t- TG ]) 

TG = gust period in secs 

T1G = gust starting time in secs 

MAXG = gust peak in m/s 

t= time in secs 

The ramp wind component is described by the equation, 

0 t<TiR 
URamp = UR T1R <t< T2R (A. 4) 

0 t>T2R 

where, 

UR = - TzR 
MAX R(1- tT ý 

T IR 2R - 
MAX R= ramp maximum in m/s 

T1R = ramp start time in secs 

T2R = ramp end time in secs 

The noisy component is generated by a function of the form, 

N 
UNoiae =2 

>[Sy(wi)Aw]0.5cos(Wit + 4i) (A. 5) 

i=1 

where, 

wi = (i - 0.5)Ow (A. 6) 

ýt = random variable with uniform probability density on the interval 0 to 27A. 7) 
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A. 2 Spectral method equations 

and the function S�(w; ) is the spectral density function defined by Vaicaitis et al [115] by 

the equation, 

where, 

Sv(wt) _ 
21iCNF21W, l 

. 2[1. + (1. )213 
(A. 8) 

F« 

KN = surface drag coefficient = 0.004 

F= turbulence scale, ft = 2000 

µ= mean speed of the wind at reference height, ft/s 

Various studies have shown that values of N= 50 and Ow = 0.5 - 2. Orad/s provide results 

of excellent accuracy. The power from the wind is found by substituting the derived value 

of windspeed into the following equation with C, evaluated at the correct value of tip speed 

ratio, 
Pahaft = 2PACPUviind (A. 9) 

A. 2 Spectral method equations 

The derivation of the spectral equations that are not included in the text are derived from 

[65] and the reader should consult this report for a full explanation as the derivations are 

quite complicated. However the necessary equations for the implementation on SIMULINK 

are now presented for completeness. 

A. 2.1 Spectral point wind speed equations 

The spectral point wind speed is found from passing white noise through a first order filter 

which approximates the Von Karman spectrum. The Von Karman spectrum is given by, 

Su(w) = 0.475Qä 2 Lß_1 (A. 10) 
[1 + (wLi7-1)2]6 

The filter can be converted into a transfer function by substituting the laplace operator, s, 

in place of the jw terms of the filter and this can then be implemented in the time domain 

as a series of interconnected integrators. The following first order differential equation can 
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A. 2 Spectral method equations 

be derived which represents the first order filter, WFS, as introduced in section 2.1.7, 

UFs = btW - at UFS (A. 11) 

where UFS is the wind output from the first order filter, bt and at are coefficients as explained 

in Chapter 2 and W is the output from a white noise source with a variance of 1 and mean 

of zero. 

The point wind speed is then given by, 

U= Ubase + UFS (A. 12) 

A. 2.2 Derivation of time domain equivalent of the spatial filter 

The wind speed time history, U, is then passed through a spatial filter to represent the 

averaging of the free wind stream by the turbine blades. The spatial filter is given by, 

WAV = 
(V+As) (A. 13) 

and its conversion to a time domain equivalent is quite involved. The equation can be made 

equivalent to, 
gout 

_1+ 
Tis 

yin (1 + T23)(1 + T33) 
(A. 14) 

where T1,2,3 are factors evaluated for each mean windspeed according to the equation in 

Chapter 2 for A. This equation can be multiplied out to give, 

T2T3s2Yout + (T2 + T3)3jjout + Yout = Yin + Tlsyin (A. 15) 

This can be represented by the two first order differential equations, 

yi+º(T2T3 - Ti(T2 + Ts)) 
_ 

tout 
_x 

T2 + T3 (A. 16) 1 (T2T3)2 T2T3 T2 T3 

. 17) 
T1 (A. 17) = xl + yin 

where xl is an intermediate state variable as a result of the second order transfer function. 

This has been implemented on SIMULINK and the model is shown in Figure A. 1. The 
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A. 2 Spectral method equations 

effective wind speed experienced by the wind turbine blades is thus the output from the 

spatial filter, yout. Tlt, T2t, and T3t are implemented as look up tables referenced by the 

mean wind speed. The rest of the functionality is there to implement equations A. 16 and 
A. 17. 

Figure A. 1: SIMULINK model for the spatial filter 

A. 2.3 Power in the wind 

The power from the wind is calculated in the same way as for the discrete model by sub- 

stituting the derived value of the effective windspeed into the following equation with C, 

evaluated at the correct value of tip speed ratio, 

P8haft = 
2pWpUwlnd (A. 18) 

However two further effects can also be easily incorporated into the spectral method and 

the equations for these two effects will now be introduced. 

A. 2.4 Induction Lag 

Induction lag is a first order effect and can be modelled by the transfer function of the form, 

1+As 
1+Ts 

(A. 19) 
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A. 2 Spectral method equations 

which can be converted to, 

il = -0.5rThub - rxl 

Tired = xi + 1.5Thub 

(A. 20) 

(A. 21) 

where r is dependent on the blade radius and mean wind speed. This effect can be included 

in both the discrete and spectral point wind speed methods. The SIMULINK model for the 

induction lag effect is shown in Figure A. 2. 

Gain2 

before Induction lag F product4 Sum Integ eto Sumt Shaft torque after induction lag 

* 

Fcnl Gain Fcn Mean wind speed 

Gainl 

Figure A. 2: SIMULINK model for the induction lag 

A. 2.5 Rotational Sampling 

The rotational sampling of the free wind stream by the blades introduces spectral peaks 

into the spectrum of the induced torque at intervals of the blade rotational frequency. A 

pure sinusoidal oscillation of the form, 

T=A sin w,. (A. 22) 

has a spectrum which is a vertical line at the frequency of oscillation, w,., and would con- 

tribute the following variance, 
A2 

Var =2 (A. 23) 
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A. 2 Spectral method equations 

However the effect of turbulence on the rotational sampling at 3w,. is spread about the spike 

at 3w, and a method for determining the contribution to the variance of such a spread and 

its implementation on SIMULINK needs to be considered. 

The rotational sampling at 3w, can be represented by [65], 

U3r(t) = (A3r + Ec(t)) COS 3(Jrt + (A3r + ¬p(t)) sin 3C' t (A. 24) 

where A3i. is a constant and Ea(t) and Ep(t) are the outputs of first order differential equa- 

tions both driven by white noise, 

c, 
Zt) 

= -a3rca(t) + b3rWa(t) (A. 25) 

Eßt) = -a3rcß(t) + b3rWQ(t) (A. 26) 

The reason for ea(t) and Ep(t) is to add random noise to the signal at 3w, to achieve the 

desired spread in the power spectrum. The constants A3,., a3i., and bar are chosen to produce 

a power spectrum that agrees with representative site data. The variance contribution of 

the deterministic and stochastic peaks are given by, 

Varpeak = Aar (A. 27) 
2 

Var, tch = 
b3r 

(A. 28) 
2a3r 

Therefore once the overall contribution to the variance of the individual components of the 

rotational sampling has been determined, usually by examining measured site data, it is 

quite a simple procedure to evaluate the component values from the above equations. The 

width of the stochastic spread about 3w, is determined by a3, and a value of 1.5 rads is 

typical. The SIMULINK block diagram for this effect is shown in Chapter 2. 
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Appendix B 

The derivation of the governing 

equations of a permanent magnet, 

synchronous generator 

T 
his appendix contains the rigorous derivations of the multi-pole, permanent magnet, 

synchronous generator. The per unit system used in the following derivations is first 

outlined and then per unit model which includes all frequency effects is developed from the 

equations of the five winding model. 

B. 1 Per Units 

The principle equations for the per unit system used in the fixed speed modelling of the 

permanent magnet synchronous generator are derived in the following sections for both the 

electrical and mechanical design variables. 

B. 1.1 Electrical per units 

The two principle base quantities are for the voltage and power and are chosen as the r. m. s. 

voltage and rated three phase power respectively. These can then used to define the per 
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B. 1 Per Units 

unit voltage and current, 

Vpu = 
Vt (B. 1) Vr. 
r. a 

I7U 
Sbase 

(B. 2) 
3Vr. 

m. s 

The equation for the per unit current is found from the governing equation for apparent 

power in a three phase system, 
S=3VI (B. 3) 

This demonstrates the freedom in choosing the first base quantities and then the restrictions 

in specifying the subsequent values. The rest of the per unit relations will now be derived. 

From Ohm's Law the impedance base can now be defined, 

Zbase 
- 

Vbase 
(B. 4) 

Ibase 

Hence the per unit reactances and resistances can be defined, 

B. 1.2 Mechanical per units 

Xd 
(B. 5) Xdp�= 

Zbaae 

Qpu 
Xg (B. 6) = 

Zbase 
R 

(B. 7) Rpu = Zba: e 

There are four variables that need to be converted to per units: the inertias of the stator 

and the rotor and the stiffness and damping of the compliant mounting. 

The inertias are converted to per units by the following expression, 

The sum of the kinetic energy of the rotating mass (B. 8) Hpu =- Sbase 

This leads to, 

Hpu =_0.5Jw2 (B. 9) 
Sbase 
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B. 2 Five winding governing equations 

where the synchronous speed of the generator is given by, 

2w, 
np 

(B. lo) 

The stiffness and the damping of the compliant mounting are defined in per unit terms as 

the torque per electrical radian and the torque per electrical radian per second. This is to 

fit into the torque equation properly. Hence converting from linear stiffness and damping 

to per unit values uses the following expression, 

k= 
klinear 

(B. 11) Pý r2Trnp 

CPU = 
Clinear (B. 12) 
r2TrnP 

The rated torque is defined from the relation between mechanical power and angular speed. 

T_ 
Sbade 

(B. 13) 
W8 

From this point forward all capitalised variables are per unit values on the r. m. s. base and 

all lower case variables are instantaneous values on the per unit r. m. s base. 

B. 2 Five winding governing equations 

Assuming per unit notation and the current into the winding as positive, i. e. motor action, 

the flux linkages for the windings of the five winding model can be written, 

For the armature: 

'Od = Lad=f + Lakdikd + Ldid 

Ybq = Lakq: kq + Lq=q 

For the rotor: 

'Pf =Lf if + Ladid + L1 kd2kd 

tkd = Lkdikd + Lfkdif + Lakdid 

' kq = Lkq kq + Lakqiq 

(B. 14) 

(B. 15) 

(B. 16) 
(B. 17) 

(B. 18) 
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B. 3 Three winding governing equations 

while the voltage equations are, 

of = rfif+p'f (B. 19) 

Vkd = Tkd2kd + POkd (B. 20) 

Vkq = rkgzkq + p?, bkq (B. 21) 

vd = raid + P7Pd - WZGq (B. 22) 

Vq = raiq + PO q+ ""Pd (B. 23) 

where the p operator denotes differential operation. Now often the reactance is used instead 

of inductance in the flux linkage equations. If this is done it is necessary to divide all the 

inductances in the above voltage equations by wo to give, 

of = rjif+ Pof (B. 24) 

Vkd = rkdikd +w ptbkd (B. 25) 
0 

Vkq = %'kgZkq +1W Iýýkq (B. 26) 
0 

1w 
(B. 27) PIN - WO w0 

Vq = ratq + p1ºq + did (B. 28) 
0 

B. 3 Three winding governing equations 

The five winding model is reduced to a three winding model which represents the permanent 

magnet generator without damper windings. Assuming standard notation and the current 

into the winding as negative, i. e. generating action, the flux equations from the standard 
five winding model become, 

Od = Kqf + Ldid (B. 29) 

q= Lgiq (B. 30) 
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B. 3 Three winding governing equations 

and the voltage equations, 

Vd = -raid -PId - W? bq 

vq = -raiq -P 
Pq + LWd 

(B. 31) 

(B. 32) 

where all values are instantaneous values and from the phasor diagram and including the 

dq0 to abc transformation factor, 

id= 
IJId 

= V3-Id (B. 33) 

iq = -ý42-IQ = 4-Iq (B. 34) 

Vd = 
4fVd 

= -JVb sin 6 (B. 35) 

Vq =A V2-Vq = /Vb cos 6 (B. 36) 

Substituting the flux equations into the voltage equations and converting to reactances 

gives, 

w) vd = -raid - p(kOf +i -Xdid) - Xqiq (B. 37 
wo wo 

1w 
vq = -raiq -p1 Xgiq + wk¢r + wo Xdid (B. 38) 

leading to, 

Vd = -raid - p1 Xdid -- Xgiq (B. 39) 
WO wo 
1w 

Vq = -raiq -P Xgiq + wkof + woXdid (B. 40) 

as the flux, kq5 f, is constant with respect to time. 

B. 3.1 Derivation of expressions for pid and pi, 

The above voltage equations can be rearranged to give expressions for the first order dif- 

ferential equations governing id and iq. Furthermore the relation between Vd and vq to the 
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B. 3 Three winding governing equations 

infinite bus voltage can also be incorporated leading to, 

woTaid wXgiq 
+ 

wo/Vb sin ö 
pi (B. 41) d- -Xd Xd Xd 

pig = -woraig -wXdid + we wo'Vb cos 6- 
(B. 42) 

Xq Xq Xq Xq 

where e= kc fw is the instantaneous emf generated by the magnets. 

B. 3.2 Electromagnetic Torque 

The electromagnetic torque is found from a consideration of the electric power generated 

at the airgap. The instantaneous per unit power at the generator terminals is given by, 

Pe _ (vdid + vgiq) (B. 43) 

assuming balanced operation. Substituting the expressions for vd and vy gives, 

(t diq - lPatd)"') (B. 44) Pe = ((P? Gdid + P? Gq=a) + ? a(=d + i4) + 

The first bracket term corresponds to the rate of change of the magnetic energy with respect 

to time, the second represents the stator resistance loss and the last represents the power 

transferred across the airgap. The airgap power is therefore given by, 

Pag - Wag(tidiq - Oq$d) (B. 45) 

Substituting the flux equations into this equation and converting to reactances leads to, 

pay = 
(eiq 

- igid (Xd - Xq) 
wwa 

'q 
o 

(B. 46) 

The airgap power and electromagnetic torque are related by, 

Tag = pa9 (B. 47) - 
Wag 
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B. 4 Initial Conditions 

where the airgap rotational speed is given in mechanical radians as, 

Wag =p (wo + Iär - "l) (B. 48) 

This leads to the expression for the airgap torque as, 

Tag = ezq - Zgid(Xd - Xq) 2 (B. 49) 
WO 

B. 4 Initial Conditions 

The derivation of the initial conditions for the non-linear simulation and linearisations is 

presented in the next few sections. 

B. 4.1 Initial values of id and iq 

The derivation of the initial values for the simulation is included here for the r. m. s. phasor 

currents which are related to i4 and iQo by, 

ido = 'Ido (B. 50) 

iqo = V3-Iqo (B. 51) 

The phasor diagram for the single wind turbine infinite bus system can be seen in Figure 

B. 1. 

Resolving in the d- and q-axis directions gives, 

0= VbsinS-IdR-IQXq 

0= E-VbCOSÖ-IqR+IdXd 

(B. 52) 

(B. 53) 
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B. 4 Initial Conditions 

d-axis 

Iq 

.. .i 
Id r------ -I la 

E 

q-axis 
Vb 

Xqlq 

RIa 

XdId 

Figure B. 1: The phasor diagram for single wind turbine infinite bus system 

Multiplying the second equation by R/Xd gives, 

RE VbR cos ö- IQ R2 
+ IdR =0 (B. 54) Xd Xd Yd 

Adding this to the first equation gives, 

V sift ö- IgXq + 
RE VbR cos ö- IgR2 

_0 (B. 55) Yd Xd Xd 

which rearranges to give an expression for Iq, 

Iq -- 
XdVb sin ö+ RE - VbR cos 6 

(B. 56) XqXd + R2 

Rearranging the first equation gives an expression for Id, 

Id -- 
IqXq - Vb sin ö 

(B. 57) R 

Substituting Equation B. 56 gives, 

(XdVb 6X E-y`)Xq 
- Vb sin b 

Id __ aXd+R 
R 

(B. 58) 

This can be rearranged to give, 

Id 
EXg - VbXq cos ö- VbR sind (B. 59) 

R2 + XdXq 
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B. 4 Initial Conditions 

Iqo =- 
XdVb sin bo + RE - VbR cos öo (B. 60) XqXd + R2 

Ido = -EXg-VbXgcosöo-VbRsinöo (B. 61) XdXq + R2 

where from now on the 0 subscript denotes an initial value. 

B. 4.2 Initial value of Tag 

This can be calculated by substitution of iqo and id3 into equation B. 49. For steady state 
conditions the mechanical driving torque equals the electromagnetic torque. 

B. 4.3 Initial value of Sr and b, 

At steady state the ö and ö terms equal zero and hence the equation governing the stator 

reduces to, 

0 
2H+ 

(r 
0- 

kb, 
0) 

(B. 62) 

i. e. the following holds true, 
6 
10 _Tago k 

The initial rotor angle, ö,. o, is evaluated by definition as, 

al-0 = öp + ö, o 

(B. 63) 

(B. 64) 

297 



Appendix C 

The theory behind linearisation 

T 
his appendix discusses the key approaches that can be used in finding some under- 

standing of transient stability from the state space equations of any system but in 

particular synchronous machines. 

C. 1 Linearising the governing equations of a synchronous 

machine 

Synchronous machines are non-linear devices due to the form of the output power equation 

and the effect of magnetic saturation. In order to study problems associated with dynamic 

stability a model linearised about some operating point is generally used [90]. 

When a power system is subjected to a small change in load it tends to acquire a new 

operating state. During the transition between the initial state and the new state the 

system behaviour is oscillatory. If the two states are such that all the state variables change 

only slightly (i. e., the variable x; changes from x; o to x; o + x; o where x; o is a small change 

in x; ), the system is operating near the initial state. The initial state may be considered 

as the quiescent operating condition for the system. 

To examine the behaviour of the system when it is perturbed such that the new and old 

equilibrium states are nearly equal, the system equations are linearised about the quiescent 

operating point, i. e. first order approximations are made for the system equations. The 
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C. 1 Linearising the governing equations of a synchronous machine 

new linear equations are assumed to be valid near to the quiescent operating point. 

The dynamic response of a linear system is determined by its characteristic equation. Both 

the forced response and the free response are decided by the roots of this equation. From a 

point of view of stability the free response gives the needed information. If it is stable any 
bounded input will give a bounded and therefore stable output. 

The synchronous machine model developed earlier in the chapter has two types of nonlin- 

earities: product nonlinearities and trigonometric functions. The first order approximations 

that hold for these are outlined below. 

As an example of product linearities consider the term x; x1. Let the state variables have 

the initial values denoted xio and x, o. Thus for a small change we get, 

(xi0 + xi0)(xj0 + x1 )= xioxj0 + xi0xjA + Tjoxi& + xiAxjt ýC. 1) 

The last term is a second order term which is assumed to be negligibly small. Thus as a 
first order approximation this equation becomes, 

(xi0 + xi0)(XJU + x; 0) = xiox; o + xiox; O + xJ0xi, (C. 2) 

The trigonometric nonlinearities can be treated the same way as 

cos(ao + ao) = cos 6o cos 6, & - sin öo sin öo (C. 3) 

with cos öo ^_ 1 and sin öo ^_' 6Delta. Hence the incremental change in cos 6 is given by, 

cos(öo + öo) - cos bo ̂ _' - sin boöo (C. 4) 

Similarly for sin ö, 

sin(bo + bo) - sin bo cos bobo (C. 5) 

Now having defined a state space, xo, at time t= to at the occurrence of a small disturbance 

the states will change slightly from their previous position or values. Thus, 

x= xo + xo (C. 6) 
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C. 2 Linearising the three winding model 

The state space model is in the form, 

x= 
.f 

(x, t) (C. 7) 

which on substituting C. 6 gives, 

io + x*A =f (xo + xn, 0 (C. 8) 

Expanding this and ignoring second order terms leads to the equation, 

xo + x*A ! -I- .f 
(xo, t) + A(xo)xn + B(xo)u (C. 9) 

from which the linearised state space equation is found to be, 

xý = A(xo)xn + B(xo)u (C. 10) 

The elements of the A matrix depend upon the initial conditions of the state vector xo. 

The dynamic properties of the system are determined from the nature of the eigenvalues of 

the A matrix. 

C. 2 Linearising the three winding model 

The governing equations presented in Appendix C for the three winding model of a perma- 

nent magnet, synchronous generator can be linearised according to the methods laid out in 

the previous section to develop the state space expression, 

i= [A]x + [B]u (C. 11) 

where the state variables are defined, 

xl = id (C. 12) 

X2 = iq (C. 13) 

X3 =ö (C. 14) 

X4 =b (C. 15) 
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C. 2 Linearising the three winding model 

x5 = a$ (C. 16) 

x6 = (C. 17) 

(C. 18) 

The linearised governing equations are, 

Ovd = -'J Vb cos 6 (C. 19) 

Ovq =v 3V6 sin b (C. 20) 

At =w 
or. Lid - 

wXXd g Diq - 
Xg Igo 

Qw + woýXd COS bo 
Ab (C. 21) Xd 

w0Xd X01%' Ido w0VbsinÖ0 At Ai 
g 

Ow -}- Did - A. + Dö (C. 22) q Xq q Xq Xq Xq Xq 

OTag =IV 3EDiq - 'Sldotiq(Xd - Xq) - Did%r3rgo(Xd - Xq)] (C. 23) 

DÖ = 
'o (OTm - , &Ta9) - 

w0 (OTag 
- COÖ, - kiö+) (C. 24) 

2Hr 2H, 

A4 = 
"° (OTag 

- CDÖ+ - k0ö, ) (C. 25) 

Ab = Aar - Da. (C. 26) 

These equations can be expressed in the standard form of equation C. 11 with the plant 
matrix, [A], given by, Putting this correction into the state space form gives, 

- 
w0 

'd 
X 

X, 0 0 

4 
Doin Q 
9 

EtX 
ý, 0 0 

9 
r 

A] Q0 l 
0 0 

q 9 
1 0 0 

ý'ý( t )r3Igo(Xd - Xq) ý+ (t )fE - 
fl., (Xd - Xq) 0 0 1H 

0 0 0 0 0 1 

_ 
. ofl :? H. 

WO(fE-fl 
" 

(, t X -X )) 
2H 0 0 ýpk 

3F1- 
ýoe -7Aý 

s " (C. 27) 

whilst the driving matrix, [B], is given by, 

0 

0 

[B o 
(C. 28) 

T 

0 

0 
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Appendix D 

The theory of a variable speed 

operated generator 

T 
his appendix contains equations for the variable speed operated permanent magnet 

generator and in particular the equations for the modelling of the capacitor com- 

pensated E-core and rectifier circuit. These equations are contained in WINDVARD and 

WINDVARP, the programs used to design and predict the performance of the variable speed 

operated permanent magnet generator. 

D. 1 Power flow by the phasor method 

In order to choose a suitable value for the tuning capacitance in the circuit of Figure 5.9, it 

is necessary to find a method to simulate the performance of the circuit at rated frequency 

and power for a range of capacitance values. This method should be quick and easy to 

compute and provide an estimate for the power flow into and out of the E-core, tuning 

capacitor and rectifier arrangement. This can be done by constructing and then analysing 

the phasor diagram of the circuit assuming that all the real current flows into the rectifier 

and therefore only reactive current flows in the tuning capacitor. The phasor diagram can 

be seen in Figure D. 1. The analysis of the phasor diagram assumes a sinusoidal E-core emf, 

E f, and this is adequate for such an estimation. 

To solve this phasor diagram for I, and 4 and thus the rated and peak power of the E-core 
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D. 1 Power flow by the phasor method 

F. v. 

ico 
"I WW. 

v 
Cac 

Figure D. 1: Phasor diagram of the E-core and tuning capacitor circuit 

at rated frequency requires an iterative process to determine the balanced conditions of the 

circuit. The governing equation of the phasor diagram is found from a consideration of the 

voltage balance in the circuit and this is given by, 

E/VCac+V&+VLF (D. 1) 

The magnitude of Wf is set to equal the rated module emf at rated frequency. This is 

calculated from the magnetic circuit analysis. The initial values of f%caý, VRc and VLC must 

be set and then the value for Vca, changed at each iteration step to determine the voltage 

balance. This voltage balance is made more complicated by the phase relation between 

each of the voltage phasors and the current, I,, flowing in the circuit. The current flowing 

within the circuit must not exceed the rated module current from thermal considerations. 

In the first iteration, it is assumed that the real part of the complex current I' is given by, 

Ireal = Rf 
c 

(D. 2) 

The impedance of the inductance and capacitance can be evaluated for rated frequency. 

Then the voltage drop across the resistance is given by, 
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D. 1 Power flow by the phasor method 

VRc ='real * Rc (D. 3) 

Assuming that initially the complex part of Ic equals half the real part, the magnitude of 

the voltages across the capacitor and inductance are given by, 

VCac = 
beat 

(D. 4) 
rfCac 

VLc = Ireal7rfLc (D. 5) 

At every subsequent iteration step, Vcac is altered either up or down depending on the 

balance between the right hand and left hand sides of equation D. 1. The initial iteration 

step size is half the value of VCac and this is reduced by half at the end of each iteration. 

The magnitude of the complex current is calculated by, 

Ic�np = Vcac2ir f Cac (D. 6) 

If the complex current flowing in the circuit is greater than the maximum rated thermal 

current, Vcac is reduced and the next iteration is initiated. This ensures that a voltage 

balance is avoided where no real current could flow without violating the thermal limit of 

the module. If the complex current is less than the limit, the corresponding real current is 

calculated, assuming that full rated current is flowing by, 

Iren! =1 herm - 12omp (D. 7) 

A voltage balance is then performed by comparing the square of the left and right hand 

sides of equation D. 1. If the right hand side is greater than the left, Vac is reduced by the 

iteration voltage step and vice versa. The iteration voltage step is then reduced by half, 

the real and imaginary parts of current, 7, are recalculated and the process repeated until 

the value of I. flowing in the circuit equals the rated thermal current of the E-core and 

the equation D. 1 is balanced. The rated thermal current is found from a consideration of 

the size of the E-core, the heat dissipated in the winding, the capacity of the conduction 
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D. 1 Power flow by the phasor method 

paths to remove this generated heat and the maximum allowed operating temperature of 

the E-core. The power in the E-core is then given by, 

Ptherm =E fIe cos(q) (D. 8) 

The angle q can be calculated by the expression, 

0 _0-C (D. 9) 

where '5 and C are given by, 

C= arctan 
(Icom' 

( D. 10) Ireaº 
RIc,, p + XLcIreaº 

arctan IreatRc + VCac - XLcIcomp 

The maximum possible power that can be transmitted through the E-core and rectifier 

arrangement can then be found from a consideration of the Thevenin equivalent of the 

circuit shown in Figure 5.9. The peak power can be calculated from, 

Pmax = 
yth 

ev 
Zthev 

(D. 12) 

where Vthev is the Thevenin equivalent source voltage and Zthev is the equivalent impedance 

of the tuning circuit. 

Once the rated and peak power of the E-core have been estimated for a range of capacitance 

values, a value for the tuning capacitance can be chosen. This value is chosen to match the 

required rated power per module at rated frequency to the power per module from the shaft 

and provide a reasonable peak power transfer capability. A more accurate prediction of the 

performance of the capacitor compensated E-core and rectifier, over the full operating range 

of the wind turbine, can then be determined from non-linear simulations with the tuning 

capacitance at the chosen value. 
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D. 2 Time stepping solution of the capacitor compensated E-core and rectifier 

D. 2 Time stepping solution of the capacitor compensated 

E-core and rectifier 

The equations for the time stepping procedure that is used to predict the accurate per- 

formance of the capacitor compensated E-core and rectifier arrangement are outlined in 

this section. The program WINDVARD performs this analysis at each desired step in ro- 

tor speed and dc link voltage over the user specified range. The equation governing the 

performance of the circuit shown in Figure 5.9 can be arranged to be of the form, 

dtc 
(Ef - Vcac - IrRr) (D. 13) 

This differential equation for I, needs to be solved together with the differential equation for 

the voltage across the capacitor, Vcac and taking into account the operation of the bridge 

rectifier. The differential equation for Vcac is, 

dVCac Ic 
dt 2ir f Cac 

(D. 14) 

The solution for the system is not as simple as finding the solution to the RLC circuit 

because the rectifier has several modes of operation, forward or reverse bias and switched on 

or off. This means that at every time interval the state of the rectifier must be determined 

and the governing equations altered accordingly. This is done by comparing the voltage 

across the capacitor with the dc link voltage and, depending on whether I. is positive or 

negative, determining the switch on and off point of the rectifier. The differential equations 

are solved using an Euler integration routine. The instantaneous value for Ef is found at 

each time interval by summing the contribution of the odd harmonic voltages, predicted by 

the magnetic circuit analysis, at the phase angle corresponding to the elapsed simulation 

time. 

Initially the currents are all set to zero. The equations are solved using 100 steps per half 

cycle. Once the mean value for I. and that injected into the dc link, Idc, has built up 

and stabilised at a steady value the values for power flow within the circuit can be found. 

Firstly the values for II and Id, are averaged over the last half cycle to give the rms and 

mean values respectively. These are then used in the following equations to give the values 
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D. 2 Time stepping solution of the capacitor compensated E-core and rectifier 

for the power flow through the module, 

Pout = VdcIdc (D. 15) 

pcopper = Ic Rc (D. 16) 

= Piron 
Feloss * freq 

(D. 17) Nominal Frequency 
Pdiode = IdcVdiode (D. 18) 

Pin = Pout + Pcopper + Piron + Pdiode (D. 19) 

ffy e - 
Po ut (D. 20) 

. 

The quantity, Feloss, is the calculated iron loss at rated frequency due to the fluxes flowing 

in the ferromagnetic material of the E-core. It is assumed that this varies proportionally 

with frequency. The steady state values for the power flow within the E-core and rectifier 

are then formed into 2D lookup tables, indexed by rotor speed and dc link voltage, and are 

used in the simulation of the variable speed permanent magnet generator as described in 

Chapter 5. The airgap power table is created from the values stored in P;,, and the injected 

dc link current table can be calculated by dividing the Pout table by the corresponding dc 

link voltage. 
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Appendix E 

The derivation of the governing 

equations of an induction 

generator plus gearbox 

T 
his appendix contains the derivations of the governing equations of an induction gen- 

erator plus gearbox taken from [65]. The key equations which model the system are 

first outlined and then the derivation of the initial conditions for the simulation model is 

presented. 

E. 1 Governing equations 

The low speed shaft speed is governed by the standard equation from Newtons second law 

applied to rotational systems, 

1 
(E. 1) wla = Jla (T4tr -TQIa - clswls) 

where the difference in driving torque and reaction torque referred to the low speed side of 

the gearbox, Tq=,. -Tqj� divided by the low speed inertia, which includes the inertia of the 

turbine blades, gives the shaft acceleration. A low speed shaft damping factor is included 

to represent friction and other losses in the drive train. The reaction torque is converted to 
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E. 2 Initial conditions 

the driving torque side of the wind turbine gearbox, the low speed shaft torque, by, 

TQ"1a 
- 

kla (wla 
- 

L) 

1+khN3 
(E. 2) 

This equation is derived by considering the linked torsional system of the low and high speed 

shafts and the gearbox coupling. It assumes that the difference in rotational speeds of the 

low speed shaft compared to the high speed shaft referred to the low speed side is small. 
The high speed shaft torque is found from standard induction motor theory assuming very 
low slip and a torque-speed curve which is linear in this region with gradient Tq, p,,,. This 

leads to, 

(Tgspc�slip - Tgtd) (E. 3) Tgtd = 77d 

The induction generator's electrical time constant, nd, determines the rate at which the high 

speed shaft torque can change. Finally the high speed shaft speed is given by Newton's 

Second Law but now for the generator and high speed shaft, 

wtd =1 
(Tals 

- TQtd - Chawld (E. 4) Jh, N 

E. 2 Initial conditions 

The initial conditions for the induction generator plus gearbox arrangement driven by a 

wind turbine are set by following this procedure. Firstly the initial power in the wind is 

found from, 

Po = 0.5pACpU, 3�o (E. 5) 

which corresponds to a rotor driving torque of, 

T 4rtro =P (E. 6) 
wl, o 

where the 0 denotes an initial condition. Now the reaction torque to balance this driving 

torque is dependent on the slip of the induction generator and therefore an iterative process 
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E. 2 Initial conditions 

is required to find the shaft speed, wý30, that gives the required slip. 

The initial conditions from equation D. 1 to D. 4 are found from rearranging, 

(T grtro - Tglao - Cl, wlao) =0 (E. 7) 

N wl, o - 
wldo 

=0 (E. 8) 

(Tq, pc� x slipp - Tgldo) =0 (E. 9) 

CTglao - Tgldo - Chswldo) =0 (E. 10) N 

and solving by a process of substitution to give, 

c`'1d0 _ 
Tgrtr° + NTgapcvC 

(E. 11) (Nch, +N+ NTgspc�) 

from which all the other initial conditions can be found by iterating until the initial condi- 

tions for D. 1 balance. 

.' 
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