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Abstract

The configuration of a wind turbine and its control system dictate the dynamics of
the machine. Since the dynamics of each part of the wind turbine affect those of the others,
the machine should be considered as an integrated unit. The objective of the research
reported here is to lay the foundations for the control aspects of integrated design by
determining the dependence of the power controller performance of medium- and large-
scale, actively regulated, up-wind, horizontal-axis, grid-connected wind turbines on their
configuration, that is, the dependence of the magnitude of the loads experienced by the drive
train on the machine characteristics.

There is a tendency amongst manufacturers to move from conventional, heavy and
stiff machines to ones with lighter and more flexible components which makes machines
more dynamically active and hence makes the power control task more difficult. Simple
thoroughly derived linear and non-linear models of the significant wind turbine dynamics for
power control are used to obtain a greater understanding of how machine parameters effect
the overall behaviour of the power train. The dependence of the power controller
performance of different full-span and tip-regulated machines is discussed. Finally,

explanation of the results is illustrated with regard to the design of a | MW wind turbine.
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1 Introduction

Environmental concems, such as those about global warming, necessitate a wider
role for renewable energy resources. One of the most promising options is wind power.

Wind turbines can be built in a variety of configurations - up- or down-wind, vertical
or horizontal-axis, one-, two- or three-bladed, variable or constant speed, grid-connected or
stand-alone, - and can generate from tens to thousands of kilowatts.

The configuration of a wind turbine and its control system dictate the dynamics of
the machine and hence the loads it experiences. Since the dynamics of each part of the wind
turbine affect those of the others, the machine should be considered as an integrated unit.
The necessity and utility of an integrated approach to the design of wind turbines is
emphasised by Garrad (1998). The objective of the research reported here is to lay the
foundations for the control aspects of integrated design by determining the dependence of
the power controller performance of medium and large-scale, actively regulated, up-wind,
horizontal-axis, grid-connected wind turbines on their configuration; that is, the dependence
of the magnitude of the loads experienced by the drive train, on the machine characteristics,
such as the number of blades, the drive-train configuration and the power regulation
mechanism. Unlike other work on the control of wind turbines, (for reviews see de la Salle
et al., 1990, Dijkstra et al., 1994) which assumes a fixed machine configuration and
considers the application of controllers derived by a variety of techniques, the affect on the

achievable performance for a variety of machine configurations with equivalent control is

considered.

1.1 Synopsis

The objective of the research reported here is to lay the foundations for the control

aspects of integrated design of wind turbines. To do so requires the following steps to be

undertaken:



(1) determine simple models of the wind turbine and the relationship of the model
parameters to the physical parameters of the machine: determine the constraints
on the achievable dynamic behaviour of the power train.

(1) determine the performance attainable for the various wind turbine
configurations with conventional and unconventional aerodynamic control
devices.

The manner in which they are achieved is summarised below. The research builds on that
reported in Leithead et al. (1991a) in which the need to investigate the dependence of power
control performance of a machine is identified.

A general introduction to power control of wind turbines and the motivation for this
research is given in Chapter 2. A brief account of the economic context of wind power
research and the basic characteristics of wind turbines is given. Power regulation is defined
and the impact, that it has on the loads which cause fatigue of a machine, is discussed.

The wind turbine dynamics which are significant for power control are discussed in
Chapter 3. A simple linear model useful for the parametric studies and control design is also
derived. An analysis of the relationship between machine parameters and the dynamic
characteristics of the drive-train is provided and verified in Section 3.2.

From the work described in Chapter 3 a better understanding is obtained of how
machine parameters effect the overall behaviour of the power train. In attempting to reduce
the costs of wind turbines, there is a tendency amongst manufacturers to move from
conventional, heavy and stiff machines to ones with lighter and more flexible components
(Simpson, 1994). This trend makes machines more dynamically active and hence makes the
power control task more difficult. This difficulty is due to increased sensitivity to loads
resulting from wind turbulence and/or to the quasi-periodic loads resulting from the blades
sweeping the wind field. It is thought that increasing the slip of the generator, although
making the machine less efficient, improves the drive-train dynamics by adding compliance
to the drive train (Bossanyi and Jervis, 1988, Juggins and Holton, 1995). Various methods
of adding compliance, e.g. fluid couplings (Hinrichsen and Nolen, 1982) and mounting the
gearbox (Simpson et al, 1993) have been attempted to improve machine dynamics.
However, from the results of Chapter 3, it is clear that, other than increasing the slip of the
generator and making the machine less efficient, it is not always possible to improve the
damping of the first drive-train mode for light rotors by conventional means. Only non-
conventional methods remain to be explored.

The feasibility of increasing the damping of the first drive-train mode by two non-

conventional methods is investigated in Chapter 4. The first, a direct modification to the



drive train, ie. compliantly mounting the generator, an idea of Leithead (Leithead and
Rogers, 1995a, 1996) is considered in Section 4.1. The second, direct control of the drive-
train resonance although not possible by pitch control, may be possible by torque control on
variable speed machines. Direct control of the drive-train resonance on a lightweight,
flexible variable speed machine is considered in Section 4.2.

The dependence of the power controller performance of different conventional full-
span and tip-regulated machines (e.g. two- or three-bladed, medium- or large-scale), is
discussed in Chapters 5 and 6, respectively.

Tip-regulated machines are known to have an advantage over full-span regulated
machines in that they are lighter and hence are faster acting (Anderson 1990a). Two novel
aerodynamic devices based on tip devices are ‘fledges‘ (flying leading edge devices)
designed by Jamieson and Agius (1989), and independently mobile (‘compliant’) tips
designed by Anderson (Anderson et al., 1990). A significant advantage of these devices
over conventional tip control is that they are potentially fail-safe aerodynamic braking
devices. Fledges have the additional advantage that they are lighter and hence are less
expensive to build (NWTC, 1994). The use of the fledge and compliant tip, for power
control devices is considered in Chapter 7.

In Chapter 8, the results relevant to the control aspects of integrated design of wind
turbines are summarised. Their use is illustrated with respect to the design of a 1 MW wind
turbine. The conclusions reached from the work reported in this thesis are drawn in
Chapter 9.

Models of the aerodynamic torque and the wind speed sensed by a rotor (Leithead et
al., 1991a), a tip and the remaining part of the rotor (Leithead, 1992), which are suitable for
the assessment of power control are described in Appendix A.

Wilkie et al. (1989) and Leithead er al. (1991a) used simple wind speed and wind
turbine dynamic models which are suitable for assessing the performance of power control of
grid-connected wind turbines. The linear and non-linear models were validated on the WEG
MS3 (Bossanyi et al., 1992), the Howden HWP330 (Wilkie and Leithead, 1988) and the
Howden HWP1000 (Leithead et al., 1991a). However, the model of the dynamics of the
drive train was not rigorously derived in that several aspects of the dynamics were ignored.
In Appendix B, a non-linear model accounting for all the significant dynamics together with
a simplified non-linear model which is applicable to almost all wind turbines are rigorously
derived. The corresponding linear models are determined.

A definition of what constitutes good power controller performance and how the

performance of different machine configurations can be compared are reviewed in



Appendix C. The required ideal dynamic behaviour of a power controller is that described in
Leithead et al. (1991a). The methodology of assessing good power performance is a
development of that used by Leithead ef al. (1991a). It is based on linear analysis methods
and is described in Appendix C. Leithead et al. (1991a) considered a fixed wind turbine
configuration but using different control design techniques to design a power controller.

The derivation of the model of the generator dynamics, used in the derivation of the
power-train models in Appendix B, is described in Appendix D.

The manner in which different machine configurations are scaled to be equivalent
while taking into account the number of blades, the change in size etc. is described in
Appendix E.

Since the size and geometry of the fledges for power control are dictated by their
braking ability an investigation of the feasibility of using the fledge as an aerodynamic brake
is described in Appendix F. Also described are the modelling issues associated with fledges
and the compliant tip. The model of the novel aerodynamic devices fledges is that of
Jamieson (NWTC, 1994).

Tables of the aerodynamic coefficients and partial derivatives with respect to pitch
angle and wind speed, of the related aecrodynamic torque at rated power, for all the rotors and

aerodynamic control devices are listed in Appendix G.

1.2 Original contributions

The original work presented in this work to which the author made a significant
contribution are the following.
Chapter 3: the derivation and validation, in Section 3.1, of the models of the drive-train
dynamics discussed.
the analysis, in Section 3.2, of the relationship between the machine
parameters and the dynamic characteristics of the drive train undertaken.
Chapter 4:  the investigation, in Section 4.1, of the feasibility of modifying the drive
train to reduce specific loads or to enable the rotor inertia or generator slip to
be reduced.
the investigation, in Section 4.2, of the feasibility of direct control of the
drive-train resonance.
Chapter 5:  the parametric investigation of the influence of the machine parameters on

the controller performance for full-span pitch wind turbines.



Chapter 6 :  the parametric investigation of the influence of the machine parameters on

the controller performance for part-span pitch wind turbines.

Chapter 7:  the comparative analysis, in Section 7.1, of the fledge as a control device.

the comparative analysis, in Section 7.2, of the compliant tip as a control

device.

Chapter 8:  the control system design study, in Section 8.2, for a 1| MW commercial

wind turbine.

Chapter 9:  the conclusions.

Appendix C : the validation of the parametric investigation.

Appendix E :  the simple rotor designs.

the assumptions made to take account of the change in size of a machine.

Appendix F : the investigation into the feasibility of using the fledge as an aerodynamic

brake.

In addition, the conclusions drawn in throughout this work are entirely those of the author.

1.3 Publications

Some of the work presented in this thesis has been previously published describes

the work in greater detail.
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2 General background

Wind turbine research began after World War I and received a fresh impetus after
the ‘oil crisis' of 1973-74. It is now world-wide, stimulated by national programmes
particularly in Denmark, the Netherlands, Germany, the UK, Sweden and the USA, and by
the EC research programmes THERMIE and JOULE. Until very recently, wind energy
technology was in its infancy, as it was not competitive with conventional energy (gas, coal
or nuclear). At present under 0.2% (BWEA, 1996) of the UK's electricity is generated from
the wind. However, according to Milborrow (1993) wind energy can be less expensive than
nuclear and coal depending on factors such as interest rates, and the site mean wind speed.
In the Renewables Order Round 5 (NFF0S) announced in September 1998 the bid-price for
wind power was from 2.43p per unit (OFFER, 1998). However, the wind farm sites being
developed have generally been chosen for their high mean wind speeds and short distance to
the main electricity grid. There is a limited number of such 'cost-convenient' sites, so the
average cost of wind power needs to decrease if it is to make a significant contribution.
Therefore the main aim of wind turbine research is to reduce either directly or indirectly the
price of the electricity produced. The major part of the cost of a wind energy scheme is the
capital cost of the site, the turbines themselves and their foundations, the access roads and
grid connections. One area where is scope for savings is that of machine costs, so the aim of
much research is to design machines which offer improved value for money in terms of the
trade-offs between initial costs, efficiency and life-span. In order to achieve the optimum
combination of these factors an understanding of the dynamics of a machine as a whole,

rather than just those of its constituent parts, is necessary.

2.1 Basic characteristics of wind turbines

The wind turbines considered in this thesis are all horizontal-axis, up-wind, grid-
connected, medium- to large-scale (greater than 200 kW) machines, see Figure 2.1. All have
variable pitch capability, i.e. the blades can change their orientations with respect to the

wind. No stall-regulated machines are considered. The major components of such turbines



are the tower, the ‘rotor’ (consisting of the blades and hub), the ‘drive train’ (consisting of
the low-speed shaft, gearbox, high-speed shaft and the rotor of the generator) and the power
generation unit. The basic layout of a conventional ‘power train’ (drive train and generator)
is shown in Figure 2.2. Commercial wind turbines of this type normally have two or three
blades. Their components are made from a variety of materials, such that the drive-train
components can be described as ‘stiff” or ‘soft’, and the rotors as ‘heavy’ or ‘light’. The
wind turbines considered in this thesis have an induction generator and are known as
constant speed machines, i.e. the generator is connected directly to the grid so that the
rotational speed of the generator is locked subject to slip to the frequency of the grid. The
only exception is the ‘variable speed’ machine considered in Chapter 4. In this case, the

generator is decoupled from the grid by a DC/AC link and hence the rotational speed of the

generator is free to vary.

High-speed
shaft
Nacelle containing Generator l Gearbox Low-speed
Hub power train shaft
Blades —p Movable blade E il Hub
or blade tip X
4— Tower
Low-speed
shaft brake
Figure 2.1 Horizontal axis wind turbine. Figure 2.2 The power train.

2.2 Normal operation of a wind turbine

When a grid-connected wind turbine starts from rest the rotor is allowed to
accelerate in a controlled manner (‘speed control’) until its rotational speed reflected to the
high-speed shaft reaches the grid frequency (‘synchronous speed’), at which point the
machine is connected to the grid. Thereafter, on a constant-speed wind turbine, the speed of
rotation is fixed by the grid frequency.

A well designed, fixed-geometry rotor, optimised in terms of its dimensions, profile
and rotational speed to capture the greatest amount of energy over the most frequently
occurring range of wind speed, will develop excessively large loads at high wind speeds.
There is therefore a threshold wind speed above which it is more economical to reduce the
loads than to build the machine to withstand the stresses and hence produce more power.

The loads can be reduced by decreasing the aerodynamic torque on the rotor. The normal



methods of doing this are (i) to design the rotor such that it stalls at high wind speeds
(‘passive control’); or (ii) to vary the pitch of the whole (‘full-span’) or part (‘tip’) of the
blades according to the amount of power generated (‘power control’). In either case, above a
predetermined wind speed (‘rated wind speed’) the power input to the wind turbine is kept
constant (‘rated power’). If the power is maintained at its rated value a wind speed limit is
reached when the wind turbine is shut down. In very low wind speeds the amount of energy
generated is so small that the turbine is stopped to reduce wear. The quality of power
regulation which can be achieved will depend on the dynamics of the turbine, which in turn
depend on the machine’s configuration, e.g. the number of blades, the aerodynamics and the
dynamics of individual components. Typical power curves for stall-regulated and pitch-

regulated machines are shown in Figure 2.3.

Power Bending moment
A 4
Rated
~—Pitch AT Stall
" Stall
Pitch
# »
Wind speed Wind speed

Figure 2.3 Typical steady-state power curves  Figure 2.4 Typical flap-wise bending
of stall and pitch regulated machines. moment (Quarton, 1990b).

For a review of the types of commercial machine configurations available, see
Madsen (1988) and Simpson (1994). Ideally, for simplicity of construction, cost and
reliability, passive control is desirable. However, it does have disadvantages. A stall-
regulated rotor is not as efficient as one which is actively controlled, particularly in the
region just below rated wind speed, see Figure 2.3. It has no active control device to be used
for speed control during start-up, and it requires for safety purposes an additional brake for
emergency and routine shutdown. According to Quarton (1990a) there is a need for greater
understanding of the aerodynamics of large-scale stall-regulated machines. Furthermore,
using flexible blades on a large stall-regulated machine may cause structural problems from
vibrations occurring when near the stall limit (Madsen and Frandsen, 1984).

Using active pitch control, on the other hand, whether full-span or tip-regulated, the
aerodynamic loads are reduced as the blade is feathered or inclined. When the blades are
inclined, i.e. moved out of the wind, the flow of air over them enters stall. This would be a
simple method of power regulation, except that the aerodynamic theory of a blade while in
stall is still in its infancy. However, the aerodynamics of feathered blades (where blade pitch

angle is increased with increasing wind speed, ie. the blade is tilted towards the wind
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direction) are better understood. It is this form of pitch regulation which is more extensively
used and is that investigated here.

The disadvantages of pitch regulation are increased fatigue, due to the flapping loads
on the blades, and the expense of the regulation mechanism. The increased fatigue loading
can be explained in simple terms by considering the curve of the steady-state flap-wise
bending moments versus wind speed (Quarton, 1990b), see Figure 2.4. Flap-wise fatigue
loads (those out of the plane of rotation) are proportional to the gradient of the curve of
bending moment to wind speed. The effect of using pitch control to maintain rated power in
above rated wind speeds is to cause a sharp decrease of the flap-wise bending moment with
increasing wind speed. Therefore the fatigue loads reverse in sign and the cycles increase in
magnitude. This explanation ignores the wind turbine dynamics and therefore may be an
over-simplification of what occurs.

A disadvantage of constant speed wind turbines is the quantity of power flicker'.
The amount of flicker is greater at higher wind speeds (Gardner et al., 1995). The quantity
of power flicker depends mainly on the slope of the real power/reactive power characteristics
of the induction generator. Hence machine performance improves with reduced flicker. The
quantity of power flicker is reduced with good power control. Flicker is less of a problem
for variable speed wind turbines. Reactive power flow can be a problem for constant speed
machines but not need be for variable speed machines. However, variable speed wind
turbines can have problems of high frequency voltage fluctuations, particularly on weak

grids (Gardner et al., 1995).

2.3 Power regulation

A discussion of the role and objectives of wind turbine control is given by Leithead
et al. (1991a). Various objectives for power regulation are described in the literature. The
most commonly cited are the following:

1)  to maximise energy capture;
ii) to regulate and smooth the power output; and

iii) to minimise the loads experienced by the rotor, drive train and tower.

' power flicker (i.e. low frequency voltage fluctuation) is particularly important in rural areas where
the grid is weak, as flicker may cause the grid and a wind turbine to desynchronise unless further

adaptations of the grid such as capacitors are added to the network. Power flicker can be a particular

problem on large machines.
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Energy capture can be increased by increasing the efficiency of the rotor, reducing
energy losses in the drive train and reducing the slip of the induction generator. An
extensive discussion of rotor design is outwith the scope of this thesis. Energy losses in the
power train are normally relatively small and are related to damping and the efficiency of the
gearbox and generator. Reduction of generator slip by itself has the disadvantage that the
dynamics of the power train deteriorate (see Section 3.2). This is particularly important for
large machines since as machine rating increases the slip of the generator generally decreases
and hence the machine can become more dynamically active. The later two objectives are
distinctively linked. Some commercial machines are run at a lower than ‘rated’ power set-
point in high wind speeds in order to limit machine loads (e.g. Botta er al., 1994).

Unlike other electricity generators, a wind turbine, because 1t rotationally samples a
turbulent wind field, does not have a smooth power output and does not experience steady
loads. Much research has focused on smoothing power output in order to facilitate good grid
connection. This is particularly important when the main electricity grid is weak. However,
more recently it has been recognised that fatigue damage is a more important consequence of
the transient loads on a wind turbine (Quarton, 1989, Barltrop et al., 1993). In addition, in
the case of a variable speed wind turbine smooth power output does not always imply
smooth loads (Leithead, 1990). The quality of power can be improved and the loads acting
on the machine reduced by varying the pitch of the blades, although fluctuations in loads
cannot be completely removed. The rating of any turbine component, such as the gearbox or
the generator, must be sufficient to withstand large transient loading.

Improvements in turbine design and regulation enable energy capture to be
increased, or lower rated components, which are generally cheaper, lighter and hence require
less support structure, to be used. Consequently, the penalty for a badly dynamically
behaved wind turbine is greater cost.

One method of reducing the cost of energy production is to reduce the over-rating of
components as much as possible without compromising their reliability. Typically the
gearbox is a prime target and the tower, the blades and the generator are the next most
important items to consider (Spruce, 1993). Another method of reducing the cost per
kilowatt is to design a more efficient machine, whilst not reducing its life-span or reliability.
To follow either approach it is necessary for the loads experienced by different machine

configurations to be understood. Several configurations are investigated in the following

chapters.



To understand the source of fatigue damage to the components of a wind turbine, it
is necessary to consider the loads experienced by a machine at various different stages of

operation, as outlined in the following section.

2.4 Loads experienced by a wind turbine

The loads experienced by a machine during each stage of operation are different.
During start-up the torque fluctuations in the drive train are small compared to the very sharp
transient which occurs on connection to the grid. Machines experience similar transient
loads when mechanical brakes are applied. The components of a machine need to be
designed to withstand these large torque fluctuations several times a day. More extreme
loads are experienced during a grid failure when the machine starts to accelerate sharply until
a mechanical or aerodynamic brake is applied. In any of these extreme situations the
magnitude and the frequency of the load fluctuations depend on the dynamics of the power
train which in turn depend on the machine’s configuration, i.e. the inertia and stiffness of its
components. These fluctuations dictate the maximum loads experienced, for example by the
gearbox, but they occur infrequently. High loads which occur frequently are also a very
significant source of fatigue. These include the loads experienced during power regulation,
particularly at higher wind speeds (Madsen and Frandsen, 1984), and are of equal
importance for fatigue as the extreme loads described above. It is these loads experienced
during power regulation which are investigated here. To reduce these loads, it is necessary

to understand the effects of rotationally sampling the wind field on the machine dynamics.

2.4.1 Characteristics of wind speed

The wind speed characteristics of significance to wind turbine dynamics are those
from ground level to 100 m (Moores, 1988). Wind speed is stochastic. A convenient
method of characterising the variability of the wind is to consider a typical time history of
wind speed in the frequency domain. Figure 2.5 presents the power spectrum taken from van
der Hoven (Moores, 1988) of horizontal wind speed near ground level ranging over several
frequency decades. The spectrum has three energy peaks: one at a period of about four days,
a second at about 1 day and a third at about a minute. These are caused respectively by
migratory pressure systems, by daily variations of wind speed and by wind turbulence which
is a complex and not completely understood phenomenon. Between the second and third
peaks there is a broad spectral gap in the frequency range from ten minutes to an hour. Since

the primary purpose of any power regulation is to provide load regulation in above rated
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wind speeds, the long-term wind conditions are unimportant. The mean wind speed of the
turbulence, typically over 10 minutes, can be thought of having a Rayleigh distribution?
(Eggleston and Stoddard, 1987). Turbulence can be defined as variation in wind speed about
a quasi-constant mean value. It can be visualised as a collection of spatially dispersed eddies
travelling in the same direction and with the same velocity as the mean wind speed. The
wind velocity within each eddy differs from the mean wind speed so that at a fixed point
turbulent air flow is observed.

The mean wind speed experienced by a wind turbine also varies due to wind shear -
the variation of wind speed with height within the boundary layer. At the surface of the
earth the wind speed is approximately zero. Wind speed increases until a height of
approximately 1 km is reached. The effect of wind shear is that the blades of the wind

turbine experience different mean wind speeds at different heights, causing a periodic

oscillation of rotor loads.

Power spectral density nf(n) (m/s) 2

meteorological
peak peak

—+ + —t + +—L
0.001 0.0l 0.1 1 10 100 1000
Frequency n (cycies/h)

Figure 2.5 The van der Hoven spectrum (Moores, 1988).

The tower of a wind turbine provides some resistance to the flow past it and hence it
will disturb the flow both upstream and downstream. As a blade approaches the tower the
wind flow over the blade increases slightly and then is reduced. The resulting impulsive, but
periodic loss in wind speed produces significant spectral peaks at the frequency of the rotor
speed and its higher harmonics.

As result of the symmetry of the rotor, the effects of tower shadow and wind shear
(Eggleston and Stoddard, 1987) are significant only to independent pitch regulation and to
the comparison of wind turbines of different hub heights, as discussed in Chapters 3 and 7.

In estimating wind speed one is faced with the problems that a point measurement is
unlikely to be representative of the average wind speed over the whole area swept by the

blades (the rotor disc), and that the wind experienced by the rotor is significantly different

? Rayleigh distribution Pr(¥) =a V exp.(-0.5a¥ 2) where V is the hourly average wind speed, a is

related to the very long time-scale wind speed.
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when the rotor is rotating then when it is stationary. Power regulation is concerned with
reducing the loads seen by the power train, and so the effect of the wind which is primarily
of interest is that on the aerodynamic torque seen by the whole rotor. One approach to
modelling the wind speed seen by the rotor is to represent the ‘effective’ wind speed which
causes the net aerodynamic torque seen on the machine. For pitch regulation with the blades
acting in unison, some of the loads experienced by an individual blade can be ignored
because, as a result of symmetry of the blades, they are not seen in the net aerodynamic
torque. However, individual blade loads are important when considering independent pitch
actuation as discussed in Chapter 7.

Typical power spectra of wind turbulence at a point and loads on a blade are shown
in Figure 2.6a. There is a depletion of power in the mid-frequency range as a result of disc
averaging and there are peaks of power concentrated around the rated rotational frequency
(Q,) and its higher harmonics. These peaks are called ‘spectral peaks’ and the majority are
primarily stochastic. The peaks at 1Q,, 2Q,, 3Q, are clearly seen in Figure 2.6a. The higher
harmonics are suppressed because of the quality of the data. The peaks are mainly due to
gravity, wind shear, tower shadow, yaw misalignment and rotational sampling of the
turbulent wind field. The magnitude of the spectral peaks in the loads on a blade decreases

with increasing frequency.
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a) Wind turbulence at a point and blade b) Power output®

flap-wise moment on an individual blade.

Figure 2.6 Typical power spectrum* (data measured on a Howden 330 kW wind turbine).

An analogous power spectrum of the power output is shown in Figure 2.6b. Because

of symmetry the intensity of several of the spectral peaks are reduced in comparison to the

3 The corresponding power spectrum of low-speed shaft showed that the strain gauge used to measure
the low-speed shaft measurement was not properly aligned. The power spectrum of power is related
to that of the hub torque by the square of the drive-train transfer function.

4 power spectrum - plot of the square of the magnitude of a signal against frequency.
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blade load spectra (in Figure 2.6a). The dominant peaks are now those at Q, and nQ,, where
n is the number of blades. The peak at Q, is mainly due to blade imbalance and is
deterministic. The larger peak at nQ, on the other hand is stochastic. It is primarily the
result of rotational sampling of the uneven wind field while the rotation frequency is varying
slightly (Kristensen and Frandsen, 1982). On two-bladed machines the quantity of 2Q), is
enhanced if a teetered hub is used to reduce the hub flap-wise loads (van Grol et al., 1990).
The actual redistribution of energy is dependent on the amount of turbulence and the rotor
size.

It is the turbulent component of the wind speed that dominates the rotor loads
(Rasmussen and Madsen, 1990) and the fatigue loads (Quarton, 1990a) and hence is of most
interest. The effect of turbulence on the net aerodynamic torque is to produce low and high
frequency components. The wind turbulence alone is responsible for the low frequency
loads with significant components situated below 12, Wind shear and tower shadow and

rotational sampling are responsible for the high frequency rotor loads, i.e. the spectral loads.

2.4.2 Aerodynamic loads

__chordline

rotor plane

Maero is the aerodynamic pitching moment.

Figure 2.7 Velocity and force triangle of an element of a rotating blade.

The purpose of a wind turbine is to convert the kinetic energy of the wind into
electrical energy. The wind creates lift and drag forces on the rotor blades which in tun
produce a moment on the wind turbine hub. The forces and moments acting on an element
of a blade in two dimensions are shown in Figure 2.7. The local relative wind speed, Vy,
varies with the blade radius, R, and is composed of an axial component, V, and a rotational
component, QR, arising from blade rotation. Q is the rotational velocity. D is the drag force
aligned to relative wind speed and L is the lift force perpendicular to the drag. The angle of
the blade chord with respect to the blade rotation is denoted by B. The angle of attack of the
aerofoil with respect to the local relative wind speed is denoted by a, and the angle of the
local relative wind speed with respect to the rotor plane, the flow angle, by ¢. The useful

force in the direction of the blade rotation is F, = L sin ¢ — D cos ¢.

16



The interaction of the machine with the wind is complex but can be represented
simply by modelling the effective wind speed, which is uniform across the rotor and
produces a rotor torque which is statistically the same as that seen on a real wind turbine.
This approach, described in Appendix A, has been validated against machine data (Leithead
et al., Y991a). The aerodynamics of the rotor can be described in two dimensions by strip
theory, (Eggleston and Stoddard, 1987) which considers the forces acting on small radial
aerofoil cross-sections. Strip theory is the used by the computer code (Anderson, 1990b) to
generate two dimensional aerodynamic torque tables. The torque tables consist of steady

state C, values, which are parameterised with pitch angle and tip speed ratio, A (where
A =QR/V and V is the horizontal wind speed sensed by the whole rotor). Figure 2.8 shows
a typical example of a C, against A curve.

C
0.051 -2

0.046 -

0.041 : : —
25 3 35 4 4.5 5 5.5
Tip speed ratio

Figure 2.8 A typical example of a C, — A curve.

The aerodynamic torque, 7, is calculated from
T, = 05pnV 2R’C, 2.1)

where p is the air density,

C, is the torque coefficient which is a function of A and .

For constant speed machines, QR only varies very slightly and so tip speed ratio is a function
of wind speed.

The wind speed spectrum is inherently stochastic and the aerodynamics are clearly
strongly non-linear. The exact nature of the aerodynamic loads experienced by a wind
turbine is dependent on the design of the rotor.

Dynamic inflow or induction lag (Stig ®ye, 1986) has been found to be unimportant
for control design (Leith and Leithead, 1997). The dynamics of the induction lag are
restricted to much lower frequency than the crossover frequency of the open-loop system

when the gain is high. Hence, shaping the controller at these frequencies is unnecessary.
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2.4.3 Drive-train loads

The net aerodynamic driving torque induced in the rotor is transmitted down the
power train (the rotor, low-speed shaft, gearbox, high-speed shaft and generator) and affects
all the components. The effect of the aerodynamic torque on power-train components
depends on their dynamics. Since for constant-speed wind turbines, the rotor speed is locked
to the grid frequency, the rotor cannot absorb the additional power due to wind fluctuations
as changes in rotor speed. Instead it must be absorbed as changes in torque.

Both the high and low frequency components of the aerodynamic torque are
transmitted to the drive train. Some protection against the low frequency loads is provided
above rated wind speed by the power regulation. Care must be taken during control design
not to enhance the loads at high frequency, particularly those at n{2, and at the frequency of
the structural modes. Some protection against high frequency loads is provided by the
compliance’ of the drive train. The degree of compliance of the power train is usefully
characterised by the frequency of the first drive-train mode, e.g. if the first drive-train
frequency is halved then the intensity of the nQ2, loads is reduced by a factor of 4
(cf- Section 3.2.1). Hence this frequency is a key indicator of a turbine's dynamic
performance. For many commercial wind turbines the frequency of the first drive-train
mode is approximately 0.5nQ2,.

A further key indicator of the dynamic performance of the drive train is the damping
factor® of the first drive-train mode. If the damping factor is too small, i.e. much less than
0.5, then the drive train becomes oscillatory and the wind turbulence induces greater torque

transients in the drive train.

2.5 Active power control and controller design

A great deal of attention has been paid to the problem of power control of constant
speed wind turbines in the 1980’s. In recent years, however attention has moved to the
power control of variable speed machines. Before and in the early 1980’s the control design
techniques applied to wind turbines were limited to PI (PID) control (e.g. Johnson and
Smith, 1976, Wasynczuk et al., 1981). A wide variety of control techniques have been

5 Compliance - the definition used here is the inverse of stiffness.

(.02

¢ When dynamics can be described by a second order transfer function — - the frequency
s*+2nws+w

of the mode is at w and the damping factor is 1.



proposed for the synthesis of the power controllers of constant-speed wind turbines,
including classical loop shaping (Leithead er al., 1991a), linear quadratic optimal state

feedback (LQ) (Liebst, 1983, Connor ez al., 1994), Hy, (Connor e al., 1992, Dijkstra et al.,

1994) and adaptive Kalman filter (Bossanyi, (1989) to name a few. For thorough reviews of
power control design strategies, see de la Salle ef al. (1990) and Dijkstra et al. (1994). An
extensive survey of the control of large wind turbines is given in Mattsson (1985). All the
above papers assume a fixed machine configuration and considers the application of a
particular control synthesis technique, unlike the work described in this thesis.

The control design problem for constant-speed wind turbines is SISO’ and the
method of synthesis is considered in this thesis to be immaterial. However, it is important
that the controller design is appropriate, see Appendix C.

There are three issues which dominate the literature on control of constant speed
wind turbines (de la Salle et al.,, 1990). The first is the excitation of the first drive-train
mode (Wasynczuk et al., 1981, Hinrichsen and Nolen, 1982), the second is enhancement of
the nQ, loads (Leithead and Agius, 1992, Agius ef al., 1993) and the third is the choice of
controller bandwidth® or cross-over frequency’ (Rothman (1978), Kos (1978), Johnson and
Smith (1976), Leithead and Agius, 1992). The excitation of the first drive-train mode by the
interaction of the drive-train dynamics with wind turbulence can be reduced by selecting the
drive-train components so that the first drive-train mode has high damping (c¢f. Section 3.2).
The low-frequency loads experienced by a wind turbine can be reduced by careful power
control design (¢f. Appendix C). Extreme care must be taken to avoid amplification of
disturbances, particularly those at #nQ2,, and to avoid actuator saturation (see Section 3.1.4).
A useful indicator of the speed of pitch control action is the cross-over frequency of the
open-loop'® system. The cross-over frequency is constrained by the high-frequency loads

transmitted to the actuator.

7 SISO - A system with one input and one output. In the case of a constant speed wind turbine the
input is the demanded pitch angle and the output is the measured electrical power.

¥ Bandwidth is the maximum frequency at which the output of a system will track an input sinusoid in
a satisfactory manner, i.e. it is the frequency at which the frequency response of the closed-loop
transfer function has a magnitude of -3 dB.

% Cross-over frequency is the frequency where the open-loop transfer function crosses 0 dB.

19 Open-loop system - the system with all the dynamics present except for the feedback loop of the

output compared to the reference input.
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The power control achievable on a machine is influenced strongly by the
aerodynamic characteristics of its rotor. The aerodynamics of the rotor depend on the
number of blades and the type, shape and size of the aerodynamic device and the remaining
part of the blade (if any). A review of the conventional power control devices is given by
Madsen (1988). Various non-conventional devices have also been considered, e.g.
compliant tips (Anderson and Campbell, 1992), fledges and sledges (Jamieson and Agius,
1989). A variety of people have analysed the use of such devices for braking and power
control. The aerodynamic behaviour of the fledge and sledge has been investigated in wind
tunnel tests by Jamieson and Agius (1989). The aerodynamic braking behaviour of the
compliant tip has been investigated in a wind tunnel by Richon and Anderson (1993). The
use of tips and fledges, sledges and other aerodynamic braking devices is discussed by
Corbet and Brown (1992).

The aerodynamics of full-span and tip-regulated machines have been compared by
Anderson (1990a). The design of equivalent rotors for different number of blades has been
considered by Jamieson and Brown, (1992). The aerodynamics of the tip, the fledge and the
sledge for power control have been discussed by Derrick (1992).

Dynamic models of a wind turbine are required for power control system design and
validation. Unlike in fatigue studies, simple dynamic models can suffice (Wilkie et al.,
1989) to design a power controller and to investigate typical loads experienced in the power
train. In addition, wind turbine components would ideally be designed taking into account
the dynamics of the complete machine, as an integrated and complex design problem. In
ordér to understand how each component affects the dynamics of the whole, simple yet
accurate dynamic models of a machine are required. Such models can be used to evaluate
the effects of different machine characteristics on the dynamics of the complete machine.

Suitable dynamic models for both these tasks are described in Chapter 3.
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3 Wind turbine dynamics

To investigate how machine configuration influences performance, models of the
wind turbine dynamics are required. It is convenient to use a very simple linear model both
for parameteric studies and for control design, and then to validate the results using non-
linear simulation. The simple linear model of the wind turbine dynamics used in this thesis
has been thoroughly validated for several medium-scale commercial machines (Leithead and
Agius, 1992, Wilkie et al., 1989). However, the simple linear model of the acrodynamics
and the power-train dynamics used by Leithead and Agius (1992) and Wilkie et al. (1989)
were obtained without a detailed analysis of all the relevant aspects of the wind turbine
dynamics; e.g. the interaction of the structural dynamics of the blades and the tower with
those of the power train. The models of the power train and the aerodynamics are derived
more rigorously in Appendices B and D and are shown to be valid for nearly all medium to
large-scale full-span or tip-regulated machines not just those considered in Leithead and
Agius (1992) and Wilkie et al. (1989).

Models suitable for linear analysis and non-linear simulation of wind turbulence, the
aerodynamics, the actuator and the power train are described in Section 3.1. The role of the
physical parameters of the power train in determining the overall dynamic behaviour of the

wind turbine is discussed in Section 3.2.

3.1 Dynamic models

The dynamic behaviour of the wind turbine is dependent on the dynamics of the
wind speed, the aerodynamics, the drive train and generator components and the control
system (including its actuator), all of which can have significant components at less than |
Hz, which is close to the rotational frequency of the rotor. The inter-relationships between

each of these components are illustrated in Figure 3.1.
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Figure 3.1 Block diagram for an actively regulated wind turbine.

3.1.1 Wind speed model

As discussed in Section 2.4.1, one source of rotor loads is wind turbulence. In this
study, wind speed is modelled as a constant mean wind speed plus a turbulent component. A
detailed description of the wind model is given in Appendix A.

Since the wind speed is stochastic, it is necessary for the wind model to reproduce
the spectral density function for a particular torque or force, in particular the aerodynamic
driving torque of the rotor. Hence, it is sufficient to model a point wind speed modified in
the mid-frequencies to reflect a loss of power caused by averaging over the rotor disc (see
Section 2.4.1).

The wind turbulence seen at a point is modelled by filtered white noise with the filter

having the transfer function b; /(s+a;), where s i1s the Laplace operand, (Leithead et al.,
1991a). The values of a; and b; are dependent on the mean wind speed, turbulence intensity,
and the hub height (due to wind shear). Values for a; and b, for hub heights of 30 m and 50

m for 20% turbulence and a variety of mean wind speeds are given in Table A.1.

To represent the averaging over the rotor disc, the point wind speed is modified by a
spatial filter which reduces the power intensity in the spectral density function in the middle
frequency range. The filter has the following transfer function form (A.9):

_ (+Tys)
T (1+ Ts)(1 + Tys)

G(s) 3.1)

where
T,=K/«/§ ; T2=T,\/Z . Ty=K/e,; ¢,=055 ; K=y RIV
A nominal value of y,, the decay factor over the disc, is 1.3 (Madsen and Frandsen, 1984).

V is a short term mean wind speed.

When independent tip control is being considered as in Chapter 7, the spatial filter
must be modified to take account separately of rotational sampling over the tip and over the
remaining part of the rotor. In this case, the effective wind speeds for the inner blade, V..

and tip, ¥, can be expressed as (A.13) and (A.14), that is,
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(3.3)

where v;, v, and v; are independent point wind speeds and A =YR,/ V , where R ; 1s the
distance of the tip joint from the hub.

The wind speeds (3.2) and (3.3) are used to generate hub torque and the tip pitching

torque with the appropriate spectrum and cross-spectrum.

3.1.2 Aerodynamics
The aerodynamics are highly non-linear (Leith and Leithead, 1997). The steady

state aerodynamic torque produced by the blades can be calculated theoretically as
_ 3,2
T=05pnRV*°C, . (3.4)

The simulation of blade dynamic equations are computationally intensive so the equations
are approximated here by look-up tables of torque coefficients, C, which are parameterised
by the tip speed ratio and pitch angle. This approach has been validated by several studies
by Leithead et al. (1988) and Leithead and Agius (1992). The aerodynamic tables used in
this thesis are calculated using blade element theory and are listed in Appendix G.

The aerodynamic torque can be linearised as

AT =L ap+ 2L pp (3.5)
B oV

The aerodynamics of a wind turbine vary strongly with some rotor characteristics,
including whether full-span or tip regulated. Typical tip angle versa wind speed for rated
power curves for full-span and tip-regulated machines are shown in Figure 3.2. It can be
seen that the gradient of the curves of the tip-regulated machines decreases in high wind

speeds while the gradient of the full-span pitch machines remains nearly constant,
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Figure 3.2 Typical pitch angle versa wind speed curves for rated power.

3.1.3 Modelling of spectral loads

The spectral peaks seen on the hub torque at nQ), are caused by the blades
periodically sweeping through the wind field which changes relatively slowly as compared
to the speed of rotation of the rotor. There are two cases. The first, and most common, is
when the blades are acting in unison. The second is when the blades act independently. In
the first case, the main peaks are those at 1Q,, which is deterministic and due to blade
imbalance, and 7<), which is mainly stochastic and due to wind turbulence. The 12, peak
can be modelled by a simple sinusoid. The n€, peak, can be modelled (Leithead et al.,

1991a) by the transfer function

by (s +(a,,* +(n)?)
(s* +2a,,s+a,’ +(n?)

wn ) = (3.6)

driven by white noise. For higher harmonics of nQ, the spectral load model can be
modified to add a tail to model the spectral loads for frequencies 2nQ), and above. The

model shown below is an approximate fit to the power spectrum of data collected from the

Howden HWP330/33 330 kW machine.

3.692(s / nQ)% ((s / n2)? +0242(s / nQ) + 0919)
((s/ nQ)* +2.382(s / nQ)® +2.720(s / nQ)? +2.157(s / nQY) + 0.822)

(3.7)

The intensity of the spectral loads is usually higher on a two-bladed, teetered
machine compared to a three-bladed, rigid-hub machine (e.g. see Figure 3.3).

In the second case, when the blades are acting independently there are high
frequency components in the hub torque at every multiple of the rotational frequency as the
cancellation of blade loads due to symmetry no longer occurs. The size of the peaks at mQ,,
m =1, 2, 3... etc. reduces by 1/m, see Figure 2.6a. In this case, the wind speed itself 1s
modified, as those in Appendix F, to account for the periodic loads due to wind shear and

tower shadow seen on the different blades.
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Figure 3.3 The power spectra of measured and simulated power on medium-scale

commercial machines illustrating modelling of nQ, and tail for higher spectral peaks.

3.1.4 Actuator dynamics

The pitching mechanism of a wind turbine is normally either electro-mechanical or
hydraulically driven. The capabilities of both mechanisms are restricted. In the case of the
former, there is a maximum current that can drive the servo, which is equivalent to a
maximum pitch acceleration, and a maximum voltage, which is equivalent to a maximum
pitch velocity. In the case of the latter, when the circulation pump is running at its maximum
rate, there is a maximum flow which can be equivalent to either a maximum pitch
acceleration or a maximum pitch velocity. When either of these limitations is reached the
pitching mechanism saturates. The limits normally can be easily reached, particularly if the
pitching mechanism is prone to internal noise (Leithead and Agius, 1992). If the
implementation of a control system does not take account of actuator saturation, limit
cycling can occur in the output signal, as in the case of the power output in Figure 3.4. Near
and in saturation the dynamics of the actuator are highly non-linear. Implementing the
power controller as described by Leith and Leithead (1997) enables short intervals of
actuator saturation without deteriorating the power output. In addition, the low actuator
bandwidth on large-scale machines also has implications for the implementation of the
controller (Leith and Leithead, 1997).

The saturation is caused by high-frequency components of the pitch demand
spectrum, by measurement noise and by spectral peaks. Hence the actuator dynamics are
extremely important and are usually the restricting factor to any control design. On medium-
scale wind turbines conventional actuators can typically achieve a maximum acceleration

(velocity) of up to 20°/s? (10°/s). On large-scale wind turbines the actuators can achieve
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considerably less due to the blade inertia increasing with R*', while the force applied varies
with area, i.e. R, A maximum of around 7°/s for actuator velocity is used by Rogers and
Leithead (1994) for a 1 MW pitch regulated machine. No comparable figure could be
determined for the maximum acceleration. One could also argue that the actuator capability

would increase on tip regulated machines compared to full-span pitch regulated ones as the

movable inertia is much less.

Power (kW)

I

300

100 |

-100

-300

10 20 30 40 50
Time (seconds)

Figure 3.4 Limit cycling occurring in power output due to actuator saturation.

The non-linear model of the actuator used in the simulation model is shown in
Figure 3.5, unless otherwise stated and the parameters used are shown in Table E.12
(Leithead et al., 1991a). The non-linear actuator can be linearised when within the actuation

limits to have the transfer functions from demanded pitch angle, B, to actual pitch angle, B,

as
4 3600(1 + o.ooss)2 o 300 KW
_ 10.00001755* +0.00855> + 1.9163645% + 18327275 + 3600
Als) = 3600(1 + 0.05 (3-:8)
(1+005) for | MW

0.175s* +8.5s° +191.6364s* +1832.7275 + 3600
The low-frequency dynamics of (3.8) can be approximated by a first-order transfer function
which is used for controller design and the linear co-variance analysis. For medium-scale
machines a typical bandwidth is about 25 rad/s, while for a large-scale machine it is

approximately 2.5 rad/s.

! Inertia is defined as the radius squared multiplied by the mass. Mass is proportional to volume, i.e.

R®. Hence inertia is proportional to R’,

2 On large-scale wind turbines the actuator is normally hydraulically driven. In which case the

actuator force is proportional to area, i.e. R%.
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Figure 3.5 Block diagram of the actuator.

The parametric studies in Chapters 5 and 6, which are used to investigate full-span
and tip-regulated machines, use the standard deviation of actuator acceleration and velocity
to give an indication of actuator activity. Linear estimates of actuator activity can be
obtained as shown in Section C.1. Since the amount of actuator acceleration is proportional
to the closed-loop transfer function multiplied by s?, the amount of high frequency roll-off in
the open-loop transfer function is important. This also implies that the internal signals of the
actuator are sensitive to high-frequency disturbances, particularly those at nQ, and
measurement noise (when the controller cross-over frequency is high). The actuator activity
will also increase as the cross-over frequency of the closed loop increases, (see Chapters 5
and 6). To summarise, the controller is required to not have high actuator activity and hence
is required not to have too high a cross-over frequency and to have a reasonable amount of
high-frequency roll-off. Leithead er al. (1991a) suggested that the roll-off required in the
controller at high frequency is 1/s°, see Section C.1. The effectiveness of the control system
is dependent on the ratio of the sensitivity of aerodynamic torque to changes in pitch to the
sensitivity of aerodynamic torque to changes in wind speed and actuator activity is very
sensitive to wind speed. It can be seen in Figures 5.1 and 6.1, where wind speed is plotted
against corresponding pitch angle for rated power, that the actuator activity will be greater at
wind speeds just above rated, since the gradient of pitch angle to wind speed in this region is

at its greatest. The change in the pitch angle required decreases as the wind speed rises.

3.1.5 Power-train dynamics

The power-train dynamics combine the dynamics of the drive train (rotor, low-speed
shaft, gearbox, high-speed shaft and generator rotor) and the electrical generator to produce a
low-frequency torsional mode, which on a badly designed wind turbine can dominate the
low-frequency dynamics. For example the dynamic behaviour of a machine deteriorates
when a medium/high-slip induction generator is replaced by a low-slip induction generator

(Johnson and Smith, 1976, Hinrichsen, 1984).
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A simple model of the drive-train dynamics (see Section B.5.3) with a compliant
mounted gearbox is shown in Figure 3.6.

The dynamics of the generator are analysed and discussed in Appendix D. A simple
model is adequate, in almost all cases, even for simulation-based investigations. The

dynamics of the generator can be modelled by the first-order linear differential equation
(D.32) thatis,

Ty =-Tx +D,(8; -0,/ p) (3.9)

where 1 is the generator time constant, D, is the slope of the torque/speed curve, p is the

number of pole pairs, ée is the frequency of the grid, and Tj; is the generator torque.
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Figure 3.6 Drive-train dynamics.

Non-compliant gear-box mounting
Assuming that the gearbox is not compliantly mounted, the dynamics of the drive
train then simplify further to those depicted in Figure 3.7. Combining Figure 3.7 and (3.9),

the power-train dynamics relating T to the aerodynamic torque, T, for a wind turbine, can

be represented by the transfer function

b, (3.10)

a4s4 +a3s3 +a282 +(12s+ao

G(s) =

where
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b, =xD, | N

ao = Kl)e +K(71/N2 +72)

a; =y D, +(y /N? +y,) +x(I /N* +1,) +y
ay =I,D, +w(I /N> +1,)+1y,y, +U +1,v))
az =1l v, +1,y,)+,,

a4 = IIIIZ

k= N2K,K/(K; + NK))

s | . . .
Rotor dynamics :Low-speed GearboxHigh- Mechanical
shaft | 'speed: load
shaft -

Figure 3.7 Drive-train dynamics for a wind turbine with no gearbox complaint mounting.

To indicate the extent to which this simple linear power-train model is equivalent to
the more complete linear power-train model, obtained by combining the linear drive train of
Section B.5.2 with (3.9), the Bode plots of the transfer function G(s), which is fixed, together
with its equivalent for the more complete linear model are depicted for a full-span pitch
regulated large-scale machine in Figure 3.8. At low frequency, agreement in all wind speeds
is good with only local discrepancies in the region of the frequencies of the tower natural
modes and the blade flap-wise natural mode. At higher frequency, the simple model suffices
since the details of the dynamics are submerged within the details of the spectrum of the
wind disturbance inputs and since, in this context, the dynamics of frequencies greater than
the dominant low frequency drive-train mode are not really of interest. As may be observed
from Figure 3.8, the dynamics vary very little with wind speed. The measured frequency
domain responses for the full non-linear model of Section B.5.1 are also depicted on
Figure 3.8. In addition, the Bode plots of the fourth order model (B.48), for T)(s) and the
fourth order model, (B.49), for T,(s) are depicted in Figures 3.9 and 3.10, respectively,
together with their equivalents for the more complete linear model of Section B.5.2.

Agrecment, at all wind speeds, is again good with only local discrepancies in the region of



the frequencies of the tower natural modes. At low frequency, as anticipated, both Ty{s) and
T,(s) are essentially unity. At wind speeds close to rated, a rapid shift of 360° in the phase of
the more complete linear model for T,(s) is evident, see Figure 3.10. It corresponds to a pair
of non-minimum zeros induced by the tower dynamics. The measured frequency responses
are also depicted in Figures 3.9 and 3.10. From the preceding, it is evident that the simple
model, G(s) as defined by (3.10), adequately represents the power-train dynamics of the

large-scale wind turbine.
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Figure 3.8 Bode plot of the transfer function, G(s), for a commercial large scale machine.

To further support the adequacy of the simple linear model, the Bode plot of the
transfer function for the simple linear model of a medium-scale wind turbine is compared in
Figure 3.11 (Leithead and Agius, 1992) to the measured frequency domain response of the
actual machine. As for the previously considered large-scale machine, the agreement is
good, particularly in terms of phase which is less sensitive to the inevitable uncertainty
concerning the prevailing wind conditions. (The discrepancy around 8 rad/s is probably due
to the tower modes). Again, it is evident that the simple model adequately represents the

drive-train dynamics.
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Figure 3.10 Bode plot of the transfer function T(s).
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Figure 3.11 Bode plot of the transfer function, G(s), for a commercial

medium scale machine with site data.

Compliant gear-box mounting
The dynamics of a compliant gearbox mounting can be modelled by combining

Figure 3.7 and (3.9) with the stiffness of the low-speed shaft is replaced by

1 1 (N =1)?
- +— 3 3.11)

3.2 Performance of the conventional power train

3.2.1 Simple performance indicators
3.2.1.1 Non-compliant mounted gearbox

In this section it is assumed that the gearbox is not compliantly mounted. (The
dynamics of a compliantly mounted gearbox are considered in Section 3.2.1.2.)

The power-train dynamics are usually interpreted as consisting of the first drive-train
mode at low frequency (o, say, with damping factor n;) and a second drive-train mode at
high frequency (w,, say, with damping factor n;). Both modes can be clearly seen in
Figure 3.8. The first drive-train mode is mainly due to the rotor and low-speed shaft
dynamics whilst the second drive-train mode is due to the generator and high-speed shaft
dynamics. The position of the first drive-train frequency has primarily been considered in
the literature to be important as a guide to the amount of nQ), as seen in the drive-train
torques. To reduce the amount of nQ, fluctuations in the drive-train torque compliance has
been added to the drive train to reduce the frequency of the first drive-train mode. Fluid
couplings, spring mounted gearboxes and rubber mounted bedplates (Juggins and Holton,

1995) have all been used. Adequate damping of the first drive-train mode is also thought to



be important (Wasyncuk et al., 1981 and Hinrichsen and Nolen, 1982), so that the low-
frequency turbulence is not amplified.

Consider a three-bladed 330 kW wind turbine (with the parameter values in Table
F.3 which has been modified for the British grid, i.e. D, and N are replaced by 915.8
Nm/rad/s and 40.65, and 7 is replaced by the more realistic value of 0.03s). Its drive-train
transfer function, with the first and second drive-train modes explicitly shown, is

12771
(52 +6.725 4+ 52.9)(s> + 26.65 + 9822)

The first drive-train mode has characteristics ®; = 7.3 rad/s and n; = 0.46 and the
second drive-train mode has characteristics ®, = 99 rad/s and n; = 0.13. The Bode plot for

the drive-train transfer function is shown in Figure 3.12a. A typical section of generated
power from a well validated simulation' of this machine is shown in Figure 3.12b. Although
this turbine is dynamically benign with reasonably good damping, the power fluctuations can
be seen clearly.

Since the dynamics of the power train are dominated by the first drive-train mode
and since the high frequency dynamics are not important in this context, a simple spring-
mass-damper model might suffice. Its dynamics would be modelled by the second order
differential equation

h+y+Ky=x (3.12)
where I is the mass, v is the viscous damping coefficient and K is the spring stiffness. The

equivalent transfer function representation is

1 K/IND/K
G(s) =— =— (K/D) (3.13)
Is“+ys+K s+ /D)s+(K/1I)
Magnitude dB Phase (degrge) Z(()):)ver (W)
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-140
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a) Bode plot of power-train transfer function.  b) Corresponding simulated power output.

Figure 3.12

' The simulation model consists of a PI controller 1.1908x10” (1 + 10/s), with a controller cross-over

frequency of 1 rad/s.
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Since the canonical form for a second-order transfer function s
kl({(s/w, )2 + 2ns/®, +1), where w, is the natural frequency and 1 is the damping ratio,
the following identifications can be made

2
o, =y/I ; w,=K/I (3.14)

Hence, it follows that

£ =nw, =7/(2K) (3.15)

that is, as would be expected &, the ratio of the damping factor to the natural frequency of the
second order system, increases with increasing viscous damping coefficient but decreases
with increasing stiffness.
Consider a wind turbine with infinite drive-train mechanical stiffness (Bossanyi and
Jervis, 1988). The drive-train model reduces to that shown in Figure 3.13 where I is the
rotor inertia. The power-train dynamics are represented by the transfer function
ND

H(s) = e
Its® +s(I+y0)+(N2D, +7v)

5 ND,/t
Is*+sI/t +N2D, [t

(3.16)

assuming the mechanical damping, y, is very light. The value of the generator time constant,
T, is similar for a broad range of generators with the same rating and the slope of the torque
speed curve, D,, is inversely proportional to the slip. By comparing (3.13) to (3.16) it might
be concluded that the primary role in the power-train dynamics of the generator is to provide

compliance. When a medium/high slip generator is replaced by a low-slip generator,

degradation in dynamic behaviour occurs because the compliance of the drive train has been

Ch
-1

reduced.

Aerodynamicﬁ:_, — N+ g
torque |t At Is G
N Tg

Rotor dynamics . Gearbox

Figure 3.13 Block diagram a wind turbine with infinite drive-train mechanical stiffness.

34



However, the above analysis is misleading. A more appropriate characterisation of

the power-train dynamics is as follows. The model of the power train (3.10) has the general
formulation
mfm% /' N

(s? +21,0 5+ 02 )(s +21,0,5 +®3)

(3.17)

Comparing (3.17) to (3.10), the following parameter identifications can be made.
by /a;~0iw3/ N
azlay=2n,0, +2n,0,
a/a;=0] + 03 +4M0,0,
ay/ay=21,0,03 20,070,

2 2
ao/a4=(,01(.02

Perhaps the most significant relationship is

a_zzz(i+ﬂz_)

a, w; o,

___y,DeN2 /x+t(y, +N272)+(I, +N212)+y,yzN2 /x
NzDe+(Y1 +N2Y2)

~ (I; + N*I,)/(N*D,)

(3.18)

all the other terms being negligible. Since the second drive-train mode has a much higher
frequency than the first drive-train mode, the relationship becomes
g, =n,/0, = (I;+N*1,)/(2N*D,) (3.19)

In other words, for a fixed first drive-train mode frequency the ratio of the damping factor to
the frequency of the first drive-train mode depends only on the rotor inertia and the slope of
the generator torque/speed curve, assuming the gearbox ratio is fixed; not on mechanical
damping in the drive train or on any stiffness in the drive train. In comparison to the second-
order system considered earlier (3.12) the behaviour of the fourth-order system as

summarised by ¢, is a little unexpected. For a fixed frequency of the first drive-train mode,

no other parameters, including the mechanical damping, y, and y,, in the drive train, affect
the damping factor.

When a medium/high-slip generator is replaced by a low-slip generator, there is little
change in the frequency of the first drive-train mode. Degradation in dynamic behaviour
occurs because the damping of the drive train has been reduced. A similar degradation is
caused by replacing the rotor by one of lighter mertia.

A second relationship worthy of note is
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a
_2=1+1+4T]m2

2 2
a, w; W) W@,

_4LD, + (I, I N? + 1) + 7y, + (Y, + 1p7))
kD, +x(y; /N +73)

LD, +1(I;IN® +1,)

- kD

(3.20)

e
all other terms being negligible. Since the second drive-train mode has a higher frequency
than the first drive-train mode and both 1, and n, are normally less than 1, this relationship

becomes

I, N (I, + N*1,)

1
m:," K NzDe

(3.21)

The frequency of the first drive-train mode is determined by a mechanical component,
Nk /1 ; and an electrical one, N ZDe /t(I; + N 2r »). The mechanical component usually

dominates and hence the frequency of the first drive-train mode is primarily determined by
the drive-train compliance, 1/x. Hence, it is reasonably straightforward to design for a
specified frequency of the first drive-train mode but from (3.19) it is problematic to design
for a specified amount of damping. A reduction in the frequency of the first drive-train
mode achieved solely by increasing the compliance is always accompanied by a reduction in
the damping factor.

It should be noted that, for the 330 kW wind turbine whose drive-train transfer
function described earlier in this section, the value of g, predicted by (3.19), is 0.065 and o,
predicted by (3.21) is 7.2 rad/s which agrees well with the previously determined values of
0.064 and 7.3 rad/s respectively.

It follows that, rather than (3.12), the appropriate form for the spring-mass-damper

model of the power train is obtained with the assignments

I=1 ;K=o ;y=2¢ 0] (3.22)
in (3.12), where €, and o, are defined by (3.19) and (3.21). As is evident from (3.19) and
(3.21), the generator dynamics have a minor influence on the dynamics of the first drive-
train mode, ie. the frequency and damping depend weakly on t. In many cases, the
electrical component of (3.21) is negligible, when the power-train dynamics can be

represented by the second-order transfer function

k/N
I,s2+x(I; + N*1,)/ (N*D,).s +x

H(s)= (3.23)
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The above analysis assumes that the stiffness of the gearbox is infinite. The

influence on the dynamics of a compliant gearbox mounting is considered in the following

sub-section.

3.2.1.2 Compliantly mounted gearbox

In this section, the influence on the dynamics of a compliant gearbox mounting is
considered. The appropriate model of the power train is obtained by combining Figure 3.6
with (3.9). The model so derived is equivalent to the model (3.23) with the stiffness x
amended dynamically to x such that
1 (N -1)?

A

K N(I3s° +y35+Kj5)

I [I38% +y;35+(K; +x(N - 1) / N?]
K

(3.24)

(1352 +y 35+ K;5)
Since K; must sustain the rotor and /; is significantly less than the inertia of the

rotor, the frequency /k; /7; is not low. Nevertheless, the poles and zeros of (3.24) can

influence the low frequency dynamics of the power train. External damping to the gearbox
may be introduced not only to reduce gearbox oscillations but also in an attempt to increase
the damping of the first drive-train mode. In the latter case, the damping required is so great
that the frequencies of the poles and zeros of (3.24) become distinct with one real pole and
zero at low frequency and the other real pole and zero at high frequency.

When the external gearbox damping is heavy, the transfer function model (3.23)
remains appropriate at low frequency and power-train dynamics can be represented by

K[13s2 +v35+K;]/ N
[(1,;s* (I35 +y;35+ (K; +x(N -1)2 / N?))
+(x(I; + N2I,)/ (N2D,).s +x)(I35% + 735 + K3))

H(s)= (3.25)

The general dynamic characteristics of H(s) can be elucidated by simple root locus
arguments.

The dependence of the zeros of H(s) on the damping coefficient, v;, is clear. The
dependence of the poles of H(s) on the damping coefficient, y;, can be clarified by noting

that they are the same as the zeros of

s{;s® +x(I; + N*1,)I (N?D,).s +x]
'3 [(Z,;s2 +x(I; + N 1,)) [ (N?D,).s +x)(I;s% + K;) + I;s’ k(N - )2 / N?]

1+ (3.26)

The poles of (3.26) can be determined by simple root locus arguments to consist of two

complex conjugate poles. The first pair has frequency greater than JK; ! 1; and are
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marginally stable. When compared to the poles of the corresponding system with infinitely
stiff gearbox mounting (3.23), the second pair of poles of (3.26) is similar but occurs at a
lower frequency and has a smaller damping factor. It follows that the root locus, traced by
the zeros of (3.26) as y; varies, is as depicted in Figure 3.14. It can be seen that the pair of
poles of H(s), which would normally be characterised as the first drive-train mode, migrate
towards a pair of zeros which have the same frequency and damping factor as the poles of
the corresponding system with infinitely stiff gearbox mounting, (3.23), but are slightly less
damped for all values of y;. The pair of poles due to the gearbox mounting migrate onto the

real axis to become, as might be expected, distinct with one real pole at low frequency and

the other real pole at high frequency.

Figure 3.14 Root locus of zeros of (3.26). Figure 3.15 Root locus of zeros of (3.29).

Since the damping of the pair of poles in Figure 3.14 which migrate towards the pair
of zeros is not increased by the external gearbox damping, the only benefit that could accrue

would be a reduction in the power-train transmittance caused by the low frequency real pole
and zero, induced by heavy damping, in H(s). In these circumstances 1/ can, except at

high frequencies, be approximated by ‘

11 [yss+(K; +x(N-1D2/N) (3.27)
K X (v3s+Kj3)

when H(s) becomes
ﬁ(s) K('Y3S+K3)/N (328)

U5 (s + (K +x(V =D I N2)

+(x(I; + N21,)/ (N?D,).s +x)y 35 + K3))
The frequency of the low frequency real pole can be elucidated by noting that the poles of
(3.28) are the same as the zeros of
s2Ix(N-1)?%/N?

‘ (3.29)
(1,5 +x(I; + N’ 1)) (N*D,).s +x)(y 35 + K3)

1+ k

with k equal to one. The root locus, traced by the zeros of (3.29) as & varies, is as depicted in

Figure 3.15. It can be seen that the frequency of the low frequency real zero of (3.29) is
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greater than (K/y;) and so greater than the frequency of the low frequency real pole of

(3.29). Hence, rather than reducing the power-train transmittance, the low frequency real

pole and zero in H(s) effectively increase the power-train transmittance. Figure 3.15 also

confirms that the pair of poles of H(s), which would normally be characterised as the first

drive-train mode, are slightly less damped than those of the corresponding system with
infinitely stiff gearbox mounting, (3.23).

In effect, the presence of heavy external gearbox damping reduces the compliance of
the power train whilst slightly reducing the damping.

When the external gearbox damping is sufficiently light to reduce only gearbox
oscillations, the damping factors for both the numerator and denominator of (3.25) are much
less than one and (3.25) only exhibits phase shifts locally to the frequencies of its poles and
zeros. Since these are not at low frequency, it follows that the simple dynamic model (3.10)
remains appropriate but with the combined stiffness amended such that

1 1 N -1)?
K, g N2K, * (NZK:

1 (3.30)
K

The effect of the compliance of the gearbox mounting is to reduce, as would be expected, the

power-train stiffness and so the frequency of the first drive-train mode.

3.2.2 Dynamic performance

The restrictions on the achievable dynamic behaviour of the wind turbine from

(3.19) are verified below.
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Figure 3.16 Bode plot of transfer function of power train with halved inertia and the

corresponding simulated power output.

If the inertia /, is reduced to half its original value, but the compliance adjusted so

that the frequency of the first drive-train mode remains at 7.3 rad/s then from (3.19) the

value of €, and also the damping is reduced to half. The Bode plot for the power-train

transfer function and the corresponding generated power are shown in Figure 3.16. It can be
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seen by comparison to Figure 3.12 that the effect of reducing the damping is to increase the
fluctuations in the power. To recover the damping the slope of the torque/speed curve is

halved so that €, returns to its original value. The Bode plot for the power-train transfer

function and the corresponding simulated generated power are shown in Figure 3.17. The

response is very similar to the original system, see Figure 3.12.
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Figure 3.17 Bode plot of transfer function of power train with halved inertia and slope of

torque/speed curve and the corresponding simulated power output.

If the inertia retains its original value and the stiffness of the low-speed shaft is

adjusted to reduce the frequency of the first drive-train mode to half its previous value, then

from (3.19) the value of g, remains unchanged but the damping is reduced by half. Reducing

the frequency of the first drive-train mode reduces the extent of the transients at high
frequency by a factor of 4 but the transients at lower frequency increase with the reduced
damping. The Bode plot for the power-train transfer function and the corresponding
generated power are shown in Figure 3.18. The high frequency transients are no longer
evident but there is no overall reduction in the fluctuations in power due to an increase in
low-frequency transients, particularly at frequencies close to that of the first drive-train
mode. To recover the damping the slope of the torque/speed curve is halved. The Bode plot
for the power-train transfer function and the corresponding generated power are shown in
Figure 3.19. The low-frequency fluctuations in power have been reduced without re-

introducing the high-frequency fluctuations.
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Figure 3.18 Bode plot of transfer function of power train with reduced stiffness, Kl and the

corresponding simulated power output.
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Figure 3.19 Bode plot of transfer function of power train with reduced stiffness, K, and half

the slope of torque/speed curve and the corresponding simulated power output.

Simpson et al. (1993) describe a modification to the drive train whereby the gearbox
and generator are mounted on a system of elastomeric mountings with very high flexibility
about the rotational axis of the low-speed shaft on the WEG 400 prototype. They state that
the advantages of this modification to the drive train are that the flexible mountings reduce
the high-frequency drive-train loads, particularly those at 2Q),, and additional drive-train
compliance is introduced, hence reducing the structural transmission noise. The dynamics of
this gearbox mounting have been investigated by Juggins and Holton (1995) whose

presented results support the analysis done in Section 3.2.1.2.
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Figure 3.20 Bode plot of transfer function of drive train with a compliant gearbox
mounting and the corresponding simulated power output,

(1, = 1000 kgm?, v, = 100 Nm/rad/s and K; = 3 x 10°Nm/rad).

Instead of reducing the stiffness of the low-speed shaft, the compliance of the
gearbox mounting may be increased to reduce the frequency of the first drive-train mode
(cf Section 3.2.1.2). The outcome of the latter is the same as the former. With the original
value of the slope of the torque/speed curve, the Bode plot for the drive-train transfer
function and the corresponding generated power are shown in Figure 3.20. However, the
reduction in stiffness in the drive train, which reduces the frequency of the first drive-train
mode and hence the high-frequency loads, also reduces the ratio, n,. The high frequency

transients are reduced but the transients with frequency close to that of the first drive-train
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mode are enhanced. A clear illustration of this effect is apparently evident on site data for a

commercial machine in Simpson et al. (1993).

3.3 Conclusions

The first step towards attaining the objective to lay the foundation for the control

aspects of integrated design has been achieved.

a) Simple models of the wind turbine are determined.

e The simple model, comprising the drive-train model, Figure 3.6, together with

the generator model (3.9), adequately represents the dynamics of the power
train. It is applicable to almost all wind turbines.

The relationship of the lumped parameters of the simple model of the power
train to the physical parameters of the wind turbine are summarised by (B.83) to
(B.96).

The simple power-train model together with the linear models of aerodynamic
torque (3.5), actuator (3.8) and the power transducer (C.14) constitute a suitable
plant model for control analysis and design. (This model is similar to that used

by Leithead et al. (1991a) and Wilkie et al. (1989).)

b) The salient features of the power-train dynamics have been identified.

The dynamics of the power train are characterised by the frequency of the first
drive-train mode, ®,, and its damping factor, n;
The relationship of ®,, and n,; to the lumped parameters of the simple power-

train model are determined to be (3.19) and (3.21), that is,

n /o, =, + N*1,)/(2N?D,)

1 1,+1(1,+N212)
0} x N*D,

The validity of these relationships are verified by non-linear simulation.

¢) The constraints on the achievable dynamic behaviour have been determined.

Adding compliance (as suggested, amongst others, Simpson et al. (1993)) does
not of itself improve the dynamic behaviour, since although the frequency of the
first drive-train mode is decreased, thereby reducing the nQ, load, the damping

factor is also decreased.



e The damping factor can only be increased by either increasing the slip of the
generator or the inertia of the rotor and low-speed shaft; it does not depend on
damping on either of the low- or high-speed shafts.

e It is reasonably straightforward to design for a specific frequency for the first
drive-train mode by changing the compliance of the dnive train. It is, however,
not straightforward to design for a specific amount of damping factor.

It is clear from the above that the constraints on the achievable dynamic behaviour
of the power train are quite strong, in particular, those affecting the damping factor of the
first drive-train mode. For conventional drive trains, the damping of the power train can
only be increased by methods which decrease the cost effectiveness of the machine and are
inconsistent with the trend towards lighter and larger machines. It is worthwhile, therefore,
to explore whether the restriction identified in c) can be circumvented by non-conventional
means. In Chapter 4, the feasibility of increasing the damping of the drive train by non-

conventional means is investigated.
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4 Resonance control

In Chapter 3 it is observed that the frequency and the damping ratio of the first
drive-train mode have considerable impact on the power controller performance. As
discussed in Appendix C, the frequency of the first drive-train mode strongly influences the
actuator activity due to the middle frequency spectral loads. The lower the frequency of the
first drive-train mode the better the dynamic behaviour of the machine provided the damping
ratio is maintained. One technique to lower the first drive-train mode is to add compliance to
the drive train. However, this modification on its own makes, also makes the first drive-train
mode increasingly resonant, due to the simple relationship (3.19) between the damping ratio
of the first drive-train mode, n,, and the frequency of the mode, ,, namely

nw _ +N’1)

w, 2N2D,

4.1)

where 1, I, are the inertia of the rotor and the generator rotor

N is the gearbox ratio, D, is the gradient of the generator torque speed curve.
From (4.1), it can be inferred that for a fixed frequency of the first drive-train mode, the
damping ratio depends only on the inertias of the drive train and the slope of the generator
torque/speed curve; it does not depend on mechanical damping nor compliance in the drive
train. If the first drive-train mode is reduced by adding compliance and is not also
accompanied by an increase of rotor inertia or an increase in generator slip then the drive
train will become more resonant and hence more susceptible to low-frequency wind
turbulence. However, neither of these solutions are particularly satisfactory as they make the
machine more costly or less efficient. In addition to reducing costs, there is a trend for
machines to become lighter, whereby the drive trains will become more dynamically active
unless damping of the drive-train resonance is increased by some other means.

As observed in Chapter 3, drive-train damping cannot be increased by conventional
means. Only non-conventional methods remain to be explored. This chapter investigates the
feasibility of increasing the damping of the first drive-train mode. A direct modification to

the drive train is considered in Section 4.1. The feasibility of using the modification of the

drive train to reduce the nQ, loads or to accommodate a significant reduction in the rotor
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inertia or generator slip is investigated. Direct control of the drive-train resonance is
considered in Section 4.2. Since it is not possible by pitch control without excessive actuator
activity (Fisher, 1997), torque control, which is only possible for variable-speed machines,
must be used. Hence, in this sub-section unlike the rest of this thesis the wind turbine is a
variable-speed machine.

On variable-speed machines, both the n€2, loads and the first drive-train resonance
are normally not a problem, since the frequency of the first drive-train mode is
comparatively high and the nQ), loads are absorbed by the inertia of the rotor. The first
drive-train mode is highly resonant, since there is little damping in a variable speed drive,
but it has little effect on the drive-train dynamics as the transfer function of the drive-train
dynamics is well rolled-off before its frequency is reached. However, as variable speed
rotors become lighter and more flexible as in the IRFLET project (Pierik e al., 1993), the

roll-off is reduced and the first drive-train mode can dominate the drive-train dynamics.

4.1 Drive train modification

The simple model of the power-train dynamics derived in Chapter 3 is depicted in
Figure 4.1. The power-train dynamics relating the generator reaction torque to the
aerodynamic torque for a wind turbine are represented by the fourth-order transfer function

(3.10) and a typical Bode plot of the transfer function is shown in Figure 3.8.
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Rotor dynamics ' Low-speed ;Gearbox High-. Mechanical ;| Generator
. shaft | . speed . load
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where K, K, are the stiffnesses of the low- and high-speed shafts.
Y,, Y, are viscous damping of the low- and high-speed shafts.

Figure 4.1 Drive train and generator dynamics.
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As discussed in Section 3.2 increasing the slip of the generator (i.e. decreasing D, in
(4.1)), while decreasing the efficiency of the generator does increase the damping ratio of the
first drive-train mode. The modification considered here is to increase the slip only at
specific frequencies by compliantly mounting the generator.

On a constant-speed wind turbine, the ship of the generator can vary only slightly,
thereby preventing any change in aerodynamic torque from being absorbed as changes in
rotor speed. If, however, the generator stator, i.e. the casing and the stator coils of the
generator, is allowed to rotate slightly in an axial direction then the rotor speed need not be
so strongly tied to the grid frequency. The feasibility of using this modification to improve
the wind turbine’s performance is discussed here.

The dynamics of an induction generator are approximated by the first-order

differential equation (D.32), that is

1T = -Tg + D, (66 -8,/ p) (4.2)
where

T, is the generator torque

GG , ée are the generator rotor speed and the grid frequency

p. T are the number of generator pole pairs and the generator time constant

D, is the slope of the generator torque/speed curve

The speed of the generator rotor is related to the grid frequency through the slip of the

generator, s,, such that

s, =pdg /6, -1 (4.3)
The slope of the torque speed curve, D, is inversely proportional to slip as follows
D, = - (4.4)
sp0. /P

Then the speed of the generator stator, 0 gs» can be thought of as modifying the speed of the

high-speed shaft. Equation (4.2) becomes
1T, =-Tg + D (0 -0,/ p—6,) (4.5)
Suppose the generator is mounted on a simple spring/damper system, so that the

generator casing is allowed to 'rock’ about the rotational direction of the high-speed shaft,

then the dynamics of the generator mounting are modelled by

Jgségs * Bgségs + Kg0g =I5 (4.6)

where J,, is the inertia of generator stator

B, is the damping coefficient
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K, is the spring coefficient
Combining (4.5) and (4.6), the dynamics relating changes in generator rotor speed, ABg, to

changes in generator torque, ATy, are represented by the transfer function

ATg =D,|1-—— Le J 89 @.7)
(JgsS™ + Bygs + Ky )1+ 15) +sD, ) (1+15)

Comparing (4.7) to (4.2), it can be seen that the effect of the spring/damper system can be

interpreted as a frequency-dependent modification to the slope of the torque/speed curve, D,.

By choosing the damping coefficient, B,, to be small, the generator mounting is resonant and

the modification to the slope of the torque/speed curve is restricted to a small range of

frequencies. The motion of the generator stator is thereby kept small.
The motion of the generator stator induces a notch at the frequency ,/ (Kgs / Jgs) In

the drive-train dynamics. The frequency of the notch is "tuned" by adjusting K,,, and the
width of the notch is decreased by increasing the inertia of the stator, J,,. The depth of the
notch is increased by decreasing the amount of damping, B,,. The notch is accompanied by
side lobes, enhancing adjacent disturbances, whose size increase with increasing depth
and/or decreasing width of the notch. Therefore the size of the side lobes limits the
magnitude of the notch. To be robust the notch is required to be wider than the resonance
being controlled, i.e. J,, is required to be as high as possible. The static stator displacement

required to support the rated driving torque is 6, = Ti; / K, . Hence to minimise the stator

motion, K, should also be as large as possible. There are, therefore, conflicting
requirements for the design of the notch. (On a well designed machine the maximum value
of the drive-train torque is considerably less than twice rated). The displacement at rated
torque is limited here to be less than 25° on the 300 kW machine, or 15° on the 1 MW wind
turbine which sets the minimum allowed value of K, and so the minimum frequency for the
notch since there is a minimum stator inertia. The inertia of the stator chosen here is
100 kg/m? and 1100 kg/m? for a 300 kW and a 1 MW machine respectively.

There are two ways of exploiting the generator-mounting dynamics. The first is to
reduce the most significant high-frequency drive-train load, i.e. the spectral peak at nQ2,. On
two-bladed machines, in particular, the 2Q, loads are large and hence severely restrict
controller performance (see Section C.2.1). If the generator mounting could be used to
reduce 2Q, loads then the performance of the machine could be improved. The second is to
increase the damping of the first drive-train mode. Light rotor inertias or low-slip generators

may then be used without necessarily being accompanied by greater drive-train loads.
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A well validated simulation was modified to model the generator modification on
two machines. The first is a two-bladed, full-span regulated 300 kW machine' and has the

drive-train transfer function

2356.03
G(s)=— - (4.8)
(s? +7.2435 + 38.637)(s? +24.0285 + 1907.9)

Its first drive-train mode has a frequency of 6.2 rad/s and a damping ratio of 0.58. The first
and second drive-train modes can be clearly seen in the Bode plot of the transfer function in
Figure 4.2a. Typical power output of this machine with a controller® is shown in F igure 4.2b
for a mean wind speed of 20 m/s and 20% turbulence. The corresponding power spectrum is
shown in Figure 4.4e. The power output has a standard deviation of 50 kW and a large
percentage of the power fluctuations are concentrated at the frequency 29, (i.e. 10.04 rad/s).

This machine will be used when considering control of the spectral peak at 2Q,,.
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Figure 4.2 Bode plot of the drive-train transfer function and power output
for the two-bladed, 300 kW wind turbine.

The second is a three-bladed, tip-regulated 1 MW machine® and has the drive-train
transfer function

3019.02

= (4.9)
(s? +2.966s + 3555)(s2 +17.04s +3992)

G(s)

Its first drive-train mode has a frequency of 6 rad/s and a damping ratio of 0.25 and its Bode
plot is shown in Figure 4.3a. The frequency of the first drive-train mode is chosen to be

fairly close to that of 3Q,, i.e. 6.7 rad/s, so that the side lobes associated with resonance

' The rotor of this machine is Configuration Ab, see Appendix C.

2 The controller from Leith and Leithead (1995a) is

871229(s + 1.6)2 (s + 72435 + 38637)(s% + 155 + 104.04)(s% + 65 + 416.16)
s(s + 03)(s + 3.7)(s + 20)(s + SO)(s? + 115 + 104.04)(s? + 105 + 416.16)(s* + 6585 + 2209)

3 The rotor of this machine is Configuration Lb, see Appendix C.
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control of the first drive-train mode does not enhance the loads at 3Q, Typical simulated
power output of this machine with a controller* is shown in Figure 4.3b for mean wind speed
of 20 m/s and 20% turbulence. The power output has a standard deviation of 36 kW and the
machine is fairly well behaved. This machine will be used when considering providing

additional damping to the first drive-train mode.
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Figure 4.3 Bode plot of the drive-train transfer function and power output
of a three-bladed, ] MW wind turbine.

4.1.1 Reduction of 2QQ,loads

Bode plots of the drive-train transfer function of the 300 kW machine with and
without the dynamic generator mounting predict that the magnitude of the spectral peak at
2Q2, should be reduced (see Figure 4.4a). Note that the notch has been designed so that the
size of the side lobes of the notch have been kept relatively small, particularly so that the
spectral peak at 42, is not enhanced. Figure 4.4b depicts the simulated power output of the
two-bladed machine with the generator modification. The original controller for the two-
bladed machine is simply modified so that the open-loop transfer function for both is the
same, hence maintaining similar actuator activity. The corresponding cumulative power
spectrum is shown in Figure 4.4e. Comparing the original and modified cumulative spectra
in Figure 4.4¢ it can be seen that, as predicted by the Bode plots, the magnitude of its torque
at 2Q, is almost eliminated while other frequencies are not particularly enhanced. The
maximum power output is been reduce from 472 kW to 458 kW, and the time exceeding
400 kW is much reduced. In addition, the number of medium/large amplitude cycles is
reduced. The standard deviation of the power output is reduced to 46 kW. The

4 The controller is

14.253(s + 2.2)(s + 2.5) (s + 2.966s + 3555)(s + 0.665 + 4556)(s + 50)
s(s + 08)(s + 12)(s + 10)(s + 26)(s® + 1855 + 4556)(s? + 805 + 1763)(s* + 90s + 3600)
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corresponding generator stator motion is shown in Figures 4.4c and 4.4d. The maximum

amount of stator motion allowed is the main limitation in designing the notch.
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a) Bode plot of the drive-train transfer function b) Power output
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Figure 4.4 Two-bladed machine with compliantly mounted generator

with J,,= 100 kgm?, B,, = 80, K,, = 10404 Nm/rad.
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4.1.2 Light rotor
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a) Bode plot of the drive-train transfer function with light rotor.
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b) Power output without generator mounting. c¢) Power output with generator mounting.
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Figure 4.5 Three-bladed wind turbine a light rotor, without and with generator
mounting, with J,; = 1100 kgm’, B, = 4000, K, = 50120 Nm/rad.

There is a tendency for blades to become lighter and more flexible and hence
cheaper to make. If for example the blades of the three-bladed 1 MW wind turbine described
above, which are assumed to be made of carbon epoxy, are replaced by carbon fibre blades,
then the rotor inertia would reduce by a factor of approximately three. Reducing the
stiffness of the drive train to retain the same first drive-train mode frequency, the damping of
the mode is reduced to 0.08, i.e. the drive train becomes resonant. The resulting Bode plot of
the drive-train transfer function in Figure 4.5a and the simulated power output in Figure 4.5b
is totally unexceptable and additional drive-train damping is required. Comparing the Bode

plots of the drive-train transfer function with and without the dynamic generator mounting,
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the drive-train resonance is predicted to be greatly reduced with the generator modification,
see Figure 4.5a. The main limitation in designing the notch in this case is the size of the side
lobes. The corresponding simulated power output, with the controller adapted so that the
open-loop transfer function is the same as that used previously, is shown in Figure 4.5c.
Comparing Figure 4.5c with Figure 4.5b, it can be seen that the drive-train resonance is
greatly reduced as predicted. The standard deviation of the power output has been reduced

from 123 kW to 58 kW. The corresponding generator stator motion is shown in Figures 4.5d
and 4.5e.

4.1.3 Low generator slip
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a) Bode plot of drive-train transfer function.
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b) Power output without generator mounting. c¢) Power output with generator mounting.

Stator displacement ¢ ) Stator velocity € /s)
20 10
15 5 |
10 MM L — : .
> -5
0 -10
0 60 120 180 240 300 0 60 120 180 240 300
Time (seconds) Time (seconds)
d) Stator displacement. e) Stator velocity.

Figure 4.6 Three-bladed wind turbine with low slip, without and with generator
modification, with Jgs = 1100 kgm?, Bgs = 8000, Kgs = 50120 Nm/rad.
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The drive train also becomes highly resonant if the slip of the generator is reduced,
e.g. from 1% to 0.1%, at the same time as maintaining the same frequency of the first drive-
train mode - see Figures 4.6a and 4.6b. Typical generated power output for this machine
with the dynamically mounted generator is shown in Figure 4.6c. The standard deviation of
power output has been reduced from 242 kW to 36 kW. The corresponding stator motion is

shown in Figures 4.6d and 4.6e.

4.1.4 Discussion of results

In all the above cases, transients local to a particular frequency are reduced by the
dynamically mounted generator. From any of the Bode plots shown in 4.4a, 4.5a, and 4.6a,
it can be seen that the notch which is responsible for this reduction is not particularly narrow
which implies that the generator modification is robust to frequency drift. The

characteristics of the notch are easily tuned by adjusting the mass of the generator casing.

The velocity of the stator, ©_,, in all the above examples is very small, see Figures 4.4d,

gs’
4.5¢, and 4.6¢ and the power loss due to the generator mounting (i.e. the amount of damping,

B,, multiplied by the variance of the generator stator velocity, 6 gs ) is very small (less than

0.022 kW in the examples shown above).

The results discussed here are only a sample of the wind turbine configurations
investigated. Similar improvements can be obtained for any two- or three-bladed machine in
the 300 kW to 1 MW range.

The dynamics of the drive train can be modified by dynamically mounting the
generator to
a) reduce high frequency torque transients, in particular those at n{d, The greatest
improvement in performance is, of course, achieved for two-bladed machines.

b) provide additional damping of the first drive-train mode without changing any other
characteristics of the drive train. It is shown that light rotors or low-slip generators can then
be used without a detrimental effect to the drive-train dynamics.

The mechanical modification to the power train described above has the advantage
of being equally relevant to both pitch- and stall-regulated wind turbines. In the former case,
it has a beneficial effect on the dynamics for both below and above rated operation. The
effectiveness of the modification increases with the machine size and with the resonance of

the drive train when employed to add damping.
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4.2 Direct control of drive-train resonance

Variable speed operation of wind turbines is perceived to have several potential
advantages over constant speed wind turbines of which two frequently mentioned ones are
(1) additional energy capture below rated wind speed; and
(if)additional power-train compliance and associated load alleviation above rated wind
speed.

In addition, the noise emitted by the wind turbine can be reduced in low wind speeds by
reducing the rotor speed.

Pitch regulated variable speed machines require two controllers. One to control the
speed and the another to control the power. The power controller and direct control of the
first-drive-train resonance is described in this section for a very light-weight, flexible
machine. Because the drive train is decoupled from the grid there is little damping and the
drive train becomes very resonant. Normally, the resonance is at high frequency and the
drive train is protected by rapid roll-off of the dynamics. As with constant speed machines
there is a trend to design lighter and flexible variable speed machines to reduce costs. The
drive train of such machines are not only highly resonant but the resonance occurs in the
middle frequency range hence drastically reducing the protection of the drive train.

One such example is a machine developed by the Dutch Department of Energy
under the research programme FLEXHAT. ECN in Holland have constructed a test-rig,
IRFLET to investigate the problems arising from a resonant drive train. The test-rig for the
IRFLET project is shown in Figure 4.7. It consists of a variable speed drive train, i.e. a
flexible shaft, gearbox, synchronous generator and DC-link, together with a DC machine
which mimics the aerodynamics of the rotor with the rotor inertia represented by a flywheel.
It drives the variable speed drive train through a gearbox. The test-rig is rated at 30 kW and
has a resonance at approximately 3 Hz with a damping ratio less than 0.005. For a complete
description of the test-rig see Baltus (1991). The controller is required to control the
generator reaction torque and reduce the drive-train resonance. Since the theoretical models
of the power electronics were found to be inadequate, the dynamics of the test-rig were
experimentally identified (Leithead et al., 1994a) from data collected by ECN. A series of
experiments were undertaken to identify the plant dynamics at one operating point with the
firing angle, a = 0.47 radians and the wind speed, ¥ = 12 m/s. Shaft torque would not be
measured in practice, hence measurements of current and rotor speed are used to estimate the

shaft torque. The six transfer functions from ¥ and « to current, /, rotor speed, Ng and shaft
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torque, Tsh were determined from 160 seconds of PRBS' data, with a sampling rate of
100 Hz, using the MATLAB identification toolbox. No experiments were undertaken with
the second possible control variable, the exciter field voltage (which is suitable for slow
control) nor at other operating points. Hence the control algorithms are restricted to act on a
alone and only at one operating point. They do demonstrate, however that the drive-train

resonance can be controlled while maintaining rated power.

brushless synchronous machine

DC - machine
grid |
—A4A—| AC
L be |-
Iic e
wind
speed | WIND TURBINE INTEGRAL CONTROL SYSTEM
ROTOR SIMULATOR | — -
Variable speed system with integral control
Rotor shaft driving facility
I, = current set-point of the DC machine U = synchronous machine voltage
ny. = speed of DC machine I, = synchronous machine current
Gsm' = high-speed shaft position o = firing angle set-point of the rectifier
U, = exciter field voltage I'= grid current
Figure 4.7 The test-rig for the IRFLET variable speed electrical system.
The transfer function between the firing angle and shaft torque is
9.445(s% - 5485 + 912543)(s> + 38s +423191)(s® + 215s + 201760)
—200)(s2 +133s +22163)(s* +1.55 + 1656)(s> + 215 + 165
atoTsh = &= 200X X X ) (4.10)

(s +109s + 579387)(s? + 433s + 97382)(s? + 420s + 44143)
(s + 3925+ 38460)(s + 188)(s* + 29s + 2509)
(s +29s +2508)(s? +1.835 + 355.6)

The transfer function between the firing angle and current is

_ —6.831x10"2(s +2.55)(s® +19.25 + 181)(s? +2.15s + 404)(s — 200)° @.11)
" (s+3.255)(s® +3.155 + 354)(s? + 31.70s + 2260)(s + 200)* (s + 657)(s + 897)

otol

! PRBS Pseudo random binary signal is white noise with only two amplitudes.
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The transfer function between the firing angle and shaft speed is

—137.9(s + 200)(s — 200)(s + 33.1)(s> + 3.89s + 58.41)
(s* + 1155 +5850)(s? + 315 +2514)(s? +1.95 + 352)

toNg = (4.12)

The transfer function between the wind speed and shaft torque is

~8.638 % 10 (s* +20.35s + 1357)(s2 + 815 + 1782)

(s +25.85+6927)(s® +10s + 14823)(s2 — 2175 + 28304)

(s> =375 +30984)(s + 200)* (s — 200)3(s? = 105s + 61873)
(s> - 8.85+139480)(s> — 2155 + 3559000)(s> — 38s + 889000)
(s +11.39)(s* +0.145+355.43)(s? + 7.65+ 1519)(s + 14.15 + 3278)

(s> +18.75 + 6758)(s% + 28.67s + 12445)(s% + 305 + 17872)

(s + 155 +29379)(s? + 285 + 49037)(s? + 795 + 109634)

(s> +287s+198721)(s? +90s + 246310)
(s® +193s +742324)(s* + 11735 + 3288000)

VtoTsh =

(4.13)

The transfer function between the wind speed and current is

~1.42 x 107 (s + 10.37)(s* + 135+ 409.5)(s + 23.13)(s — 130s + 8100)
(s—90)%(s% + 30s + 11000)(s® — 1505 + 24000)
(s+0.507)(s% +0.139s + 355.43)(s® + 12.1s + 2190)

(s® +130s + 8100)(s + 90) (s* + 955 + 11000)

Vtol = (4.14)

The transfer function between the wind speed and shaft current is

~8.39x107(s? +135 +409.5)(s - 90)2(s? — 130s + 8100)

(s2 +30s +11000)(s — 150s + 24000)(s — 200)
(s +0.507)(s% +0.139s + 355.43)(s + 90)>

(s2 +130s +8100)(s> +95s + 11000)(s + 200)

VtoNg = (4.15)

Further reduction of the order of these transfer functions is possible but was not required.
The Bode plots for the above transfer functions are shown in Figure 4.8 together with the
directly measured transmittances. Discrepancies between the transfer functions above
70 rad/s can be ignored as they occur at high frequency. The mismatch in the transfer from
o to Ng (atoNg) at low frequency is unimportant since the measurement on Ng is not used to
control the system at low frequency. Simulated responses of the test-rig using these transfer
functions are compared to the measured responses in Figure 4.9. The agreement is good and

the drive-train resonance can be clearly seen.

The two objectives for the controllers, namely power control and resonance control
are treated separately by restricting the regulation of the wind turbine operating point to low
frequency and restricting the regulation of the shaft torque to a small frequency interval in

the region of the resonant frequency.
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Figure 4.8 Bode plots of plant transmittances with identified transfer functions.
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Figure 4.9 Time series of plant data with results from simulated data

using the identified plant transfer functions.

The power is controlled by controlling the current since the voltage is fixed with the
controller acting on the firing angle. A suitable controller, for maintaining the most effective
operating point for the test-rig, is P(s) where

—4.757 x 1072
s(s2 +25+2)

P(s) = (4.16)
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It is designed by classical Nyquist-Bode loop shaping on the basis of the transfer function
relating the firing angle to current (atol). Integral action is required to reduce the steady-
state errors. In addition rapid roll-off, which is supplied by the quadratic factor, is required
to ensure the separation of the two control objectives. The controller cross-over frequency is
approximately 0.5 rad/s as can be seen from the open-loop Bode plot depicted in Figure
4.10a together with its phase and gain margins.
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a) The Bode plot of the open loop atol(s).P(s). b) The Bode plot of the controller C(s).
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c¢) Open-loop Bode plot of C(s).aitoTsh(s). d) Bode plot of the sensitivity function.
Figure 4.10

4.2.1 Controller synthesis

The first stage of the controller design is to determine a controller, acting on firing
angle in response to a measurement of shaft torque were it available, to control the shaft
torque. A suitable controller is

~0.1128(s> + 30s + 1764)(s + 0.963) (4.17)
(s® +24s +400)(s? + 145 +1764)

C(s) =
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This is designed for the transfer function relating the firing angle to shaft torque (atoTsh).
The controller Bode plot and the open-loop Bode plot are depicted in Figures 4.10b and
4.10c respectively, from which it can be observed to be effective about the region of 3 Hz as
required. The inclusion of derivative action at low frequency ensures that regulation of the
resonance does not interfere with the regulation of rated current (i.e. power). The phase and
gain margins are indicated on Figure 4.10b. The controller reduces the intensity of the
resonance by 17 dB as may be seen from the Bode plot of the sensitivity function,
Figure 4.10d. The controller, C(s) is designed so that the active gain in the region of 3 Hz is
solely derived from the gain of the plant dynamics relating the firing angle to shaft torque,
thereby making the design robust to any mis-identification or slight drift of the resonance
frequency.

In practise, shaft torque is not normally measured, hence the shaft torque is
estimated using measurements of current and shaft speed as shown in Figure 4.11a. The
transfer functions X(s) and Y(s) are chosen such that the wind speed induced disturbances at
Tsh1* and Tsh2* are the same as the wind speed disturbances on shaft torque; that is,

Vtol(s).X(s) = VtoNg(s).Y(s) = VtoTsh(s) (4.18)
locally to 3 Hz. Since only those frequencies near 3 Hz are of interest, the transfer functions,
X(s) and Y(s) match the phases at 3 Hz, and are

49.178(s + 15.86)(s + 25.084)(s® +8.362s + 3709.1)

(s +22.52)(s> +40s + 3709.1)(s + 61.544)
~18889(s + 15.86)(s* +8.362s + 3709.1)
Y(s) =

(s +9.918)(s +22.52)(s + 40s + 3709.1)(s + 61.544)

X(s) =
(4.19)

It can be observed in Figure 4.12 that both the transfer functions Vtol.X and VtoNg.Y are
good approximations to VtoTsh in the region of 3 Hz. The addition shaping in X and Y at
60 rad/s is necessary to reduce the effect of disturbances near this frequency.

Similarly, the transfer functions, A(s) and B(s), are chosen such that the dynamic
relationship of firing angle to Tsh/* and Tsh2* are the same, locally to 3 Hz, as the dynamic
relationship of firing angle to shaft torque; that is,

A(s) = atoTsh(s) — atol(s). X(s);

B(s) = atoTsh(s) — atoNg(s). Y(s) (4.20)

Hence, with the controller construction in Figure 4.11a the signals seen at Tsh/* and
Tsh2* are essentially the shaft torque for all choices of k(s). The controller, C(s), can

therefore be applied to z to regulate the drive-train resonance for all choices of A(s).
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k was selected so that the two control feed forward terms cancel; i.e. k(s)A(s) and

(1 - k(s)) B(s) cancel. The resulting controllers are K,(s) acting on Ng and Ky(s) acting on /

where

Ki(s) = (1 = k(s)) Y()C(s); Ky(s) = k(s)X(5)C(s) (4.21)

The resultant controller transfer functions are

1704.215(s + 0.96)(s + 15.86)(s? + 35 + 1000)
(s? +245+2304)(s? +8.365 + 3709)(s + 250)
(s + 195+ 98)(s® + 245 + 400)(s? + 405 + 3709)(s + 22.52)
(s +48)(s + 61.54)(s + 70.54)(s2 +250s + 62500)

K,(s)= (4.22)

39264.85(s + 6.43s + 14.66)(s* + 1.45s + 18.23)
(s* —85+26.36)(s +16.34)(s® — 5.875 + 338.90)
(2 +1.925+ 365)(s2 + 245 +2304)(s? +8.35s + 3709)
(s? +7.3025 + 96.544)(s + 11.05)(s> + 1.08s + 335.18)
(s +3.445 + 389.27)(s2 + 245 + 400)(s + 48)
(5% +40s +3709)(s + 61.54)(s + 70.54)(s + 100)

K, (s) =

(4.23)
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Figure 4.13

The open-loop Bode plots, i.e. K (s).atoNg(s) and Ky(s).atol(s) are shown in
Figures 4.13a and 4.13b. Since the Nyquist plot of the ratio of the two transmittances, i.e.
(K, (s).ctoNg(s))/(K,(s).atol(s)), for a small frequency range local to 3 Hz indeed for any
frequency does not go close to the point (-1,0), see Figure 4.14; that is, the two control
actions do not compete with each other greatly. The open-loop Bode plot, ie.
(K,(s).atoNg(s) + Ky(s).atol(s)), is shown in Figure 4.15a and the phase and gain margins

indicated thereon ensure a reasonable degree of robustness since there is little cancellation
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between the two control paths. The two controllers acting on namely P(s) and K,(s), are

combined as K',(s) where

~1868(s? +6.435 +14.67)(s> +1.455s +18.23)(s% — 85 + 26.36)(s + 16.34)

K, (s) = (s? —5.875 +338.9)(s? +1.925 +365)(s? +24s + 2304)(s> +8.35s + 3709)
s(s% +25 +2)(s +7.35 + 96.54)(s +11.05)(s% +1.08s +335.2)(s2 + 3.44s + 389.3)

(s2 +24s + 400)(s +48)(s + 405 + 3709)(s + 61.51)(s + 70.5)(s +100)

(4.24)
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Figure 4.14 Nyquist plot of (K,(s).atoNg(s))/( K;y(s).atol (s)).
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The open-loop Bode plot with the complete controller, ie. (K,(s).atoNg(s) +
K,'(s),atol(s)), is shown in Figure 4.15b with phase and gain margins indicated. The degree
of robustness is confirmed from the Bode plot for K,(s).atoNg(s), Figure 4.13a, and the
Bode plot and the associated gain and phase margins for the system with feedback loop on

Ng closed but with the feedback loop on I open, Figure 4.15¢c. In both cases the phase and

gain margins are reasonable.

4.2.2 Performance evaluation

The dynamics of the test-rig as represented by the transfer functions (4.10) to (4.15)

together with the controller transfer function for K,(s) and K,(s)), are used to simulate the

response of the rig with the controller present to the same PRBS wind speed signal used in
the identification experiment. The responses are shown in Figures 4.16a and b together with
the cumulative spectra of the simulated shaft torque for both the controlled and uncontrolled
cases. The standard deviation of shaft torque when controlled is reduced to 20 % of the
standard deviation when uncontrolled. Since the background contribution has a standard
deviation of 17 % of the total uncontrolled standard deviation, the performance is very close
to the limits of what is possible.

The controller was implemented on the test-rig and evaluation experiments
undertaken by ECN. The measured response is shown in Figures 4.16¢ and d together with
the cumulative spectra of the measured shaft torque for both the controlled and uncontrolled
cases. The standard deviation of shaft torque is only reduced to 42% of the uncontrolled
standard deviation by the controller. However, since the background contribution has a
standard deviation of 35% of the total uncontrolled standard deviation, the controller
performance, is deemed acceptable and the drive-train resonance is reduced.

(The reason for the difference between the predicted and actual performance is due
to changes in the plant dynamics which occurred during the lengthy period of time which
elapsed between the initial measurements taken for identification and the testing of the
controller, e.g. there is a reduction in the variance of the resonance at 3 Hz by a factor of 5
which is apparent from a comparison of Figure 4.16b to Figure 4.16d. However, the

robustness of the controller design enabled it to accommodate successfully the changes in the

plant dynamics.)
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4.2.3 Discussion

The dynamics of a test-rig representing the drive train of a variable speed wind
turbine were identified from experimental data. A controller to regulate both the turbine
operating point and the drive-train resonance was designed using classical Nyquist-Bode
loop shaping. The family of all possible controllers acting on speed and current were
parameterised by means of control feed forward. The specific choice of controller was made
to meet the requirement for robustness. On implementing the controller on the test-rig it
performed reasonably well even though the dynamics of the plant had changed. The drive-
train resonance of a lightweight flexible variable speed wind turbine can indeed be actively

regulated by means generator reaction torque.
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4.3 Conclusions

The dynamic characteristics achievable for the conventional design of power trains
are subject to quite strong constraints. Non-conventional approaches has been investigated
to determine whether these constraints can be circumvented.

Direct modification of the drive train is considered. The dynamics of the drive train
can be modified to reduce high frequency torque transients at a particular frequency or
provide additional damping to the power-train. However, the modification requires
compliant mounting of the generator which continuously moves with small amplitude
oscillations about its axis. Unfortunately, the latter motion may be unacceptable to
manufacturers.

Direct control of the drive-train resonance is also considered. Since this is not
possible using pitch regulation, torque control must be used. Although this approach is
successful, it is only applicable to variable speed wind turbines and hence, is not appropriate
for this context.

To conclude, the constraints on the damping factor of the first drive-train mode

cannot be circumvented by non-conventional machine modifications considered here.

66



S Full-span pitch-regulated machines

5.1 Introduction

As described in Chapter 2, the nature of the pitch regulation itself influences
strongly the aerodynamics of a wind turbine (Figure 3.2) and hence the performance of a
controller. The performance of conventional, full-span, pitch-regulated machines are
discussed in this chapter while tip-regulated machines are discussed in Chapter 6. The
purpose of this chapter and that which follows is to quantify the dependence on the
configuration of the wind turbine of the performance of active pitch control in alleviating
transient loads.

Appendix C describes a methodology using the simple models derived in Chapter 3
and Appendix B, whereby the performance for a specific configuration can be estimated.
This approach was employed to determine the performance for an extensive range of
configurations. Not only does this information permit the performance of different
configurations of wind turbine to be compared, but it also supports the design process by
providing insight into the influence of the rotor, drive train and control system on overall
performance. The validation of the methodology by comparison with the results from non-

linear simulation is described in Appendix C.

5.2 Different types of wind turbine configuration

This chapter deals both with medium (300 kW) and large-scale wind turbines
(1 MW). The assumptions made about the effect of the size of a wind turbine on its machine
parameters are considered in Appendix E. The machines are assumed to be typical of
conventional, constant-speed commercial machines, comprising a rotor, gearbox and
induction generator.

In addition to the type of pitch regulation, the aspects of the wind turbine

configuration on which the effectiveness of the control system depends are (Leithead er al.,

1991a)
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e the number of blades;
* the dynamic characteristics of the drive train;
* the dynamic characteristics of the controller;
* the intensity of the drive-train transient loads at nQ;
 the angular velocity of the rotor.
The machines investigated here have two or three blades, in common with the
majority of conventional commercial machines. As discussed in Section 3.1, the dynamic
characteristics of the drive train can be represented by the frequency of the first drive-train

mode, ®,, and its damping factor, n. (The design details of the drive train are immaterial

and the performance will be the same, of all wind turbines having a specific first drive-train
mode frequency and damping factor.) The frequency of the first drive-train mode can be
easily and fairly cheaply varied by adding compliance (e.g. rubber) to the drive train, see
Section 3.2. Adjusting the damping of the first drive-train mode, on the other hand, is more
difficult and more expensive, see Section 3.2. Nevertheless, in this and the following
chapter it is assumed that the damping of the first drive-train mode is ideal, 0.7'. The
dynamic characteristics of the controller are characterised by the cross-over frequency of the

open-loop transfer function, w_ (see Appendix C), and the phase and gain margins of the

open-loop transfer function. The phase and gain margins are assumed to be 60° and 10 dB
respectively unless otherwise stated (see Section C.1 for justification).

The configurations of wind turbines considered are listed in Table 5.1. For each
configuration, the frequency of the first drive-train mode varies from 2 rad/s to 7 rad/s and
the controller cross-over frequency varies from 1 rad/s to 6 rad/s in steps of 0.5 rad/s. Of
course not all of these are appropriate or achievable for every configuration, but all are
retained to facilitate performance comparison. The performance of each configuration has
been investigated for mean wind speeds of 12 m/s, 16 m/s or 23 m/s and have 20%
turbulence.

Both the two- and three-bladed machines were given nominal intensities of loads at

nQ), based on the spectral components seen on the drive-train loads of commercial wind

turbines (see Table C.1). The drive-train loads at nQ), are very much larger on a two-bladed
machine compared with one with three blades of the same size, as two-bladed machines are

normally teetered, and the spectral loads are normally at a lower frequency while the

I As the power-train dynamics can normally be approximated by the second-order transfer function

(3.23) the ideal damping factor is 0.7. (This enables the transfer function to achieve rapid roll-off

without being oscillatory).
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rotational velocity of the rotor is normally higher. To investigate the sensitivity of the
performance to the intensity of the transient loads at nQ,, two intensity levels for each
machine were studied. Since the intensity of the spectral peaks of the two-bladed machines
are considerably larger than those on the three-bladed machine; the three-bladed wind
turbine configurations may have either the nominal intensity of the drive-train loads at 3Q,
or twice the nominal intensity; whereas the two-bladed wind turbine configurations may
have either the nominal intensity of the drive-train loads at 2Q,, or half the nominal intensity.
To investigate the sensitivity of the performance to the angular velocity of the rotor, two

three-bladed wind turbine configurations are considered with different angular velocities.

Configuration | No.of | Power rating Rotor speed, Spectral loads
blades (kW) Q, (rad/s)

Aa 2 300 5.090 1/2 x Nominal 2Q2,
Ab 2 300 5.090 Nominal 2Q),
B 3 300 5.201 Nominal 3Q,
Ca 3 300 4.125 Nominal 3Q2,
Cb 3 300 4.125 2 x Nominal 3Q2,
Da 2 1000 2.800 1/2 x Nominal 2Q,
Db 2 1000 2.800 Nominal 20,
E 3 1000 2.850 Nominal 3Q,
Fa 3 1000 2.250 Nominal 3Q,
Fb 3 1000 2.250 2 x Nominal 3Q2,

Table 5.1 The full-span regulated wind turbine configurations investigated.

Since the velocities of the drive-train shafts are ‘locked’ to the grid frequency on a
constant-speed machine (Leithead et al., 1991a), the most important performance indicators
for the drive train are the size of the transients of torque acting on the gearbox and generated
power. Hence, above rated wind speed, the standard deviation of power is a good measure
of performance. It should be noted that it is the extreme loads which are of concern but that
these are much greater than three standard deviations above the mean (to perhaps as much as
five standard deviations) (Leithead and Agius, 1992) since the distributions of the load
transients are not Gaussian. However, extreme loads decrease as the standard deviation
decreases.

The dynamic characteristics of the controller are characterised by the open-loop
cross-over frequency which can be freely chosen as part of the controller design task. It is
therefore independent of the main hardware aspects of the wind turbine configuration. For
this reason, the performance indicators were calculated for various controller cross-over

frequencies. As the controller cross-over frequency increases so, normally, does the actuator
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activity.  There are maximum and minimum limits to the actuator capability which
fundamentally constrain its performance and thereby that of the control system. The
measures of actuator activity used here are the standard deviation of the acceleration or
velocity of the pitch angle of the blades (see Appendix C for justification).

Because there is a large number of configurations to be investigated, it is necessary
to make simplifying assumptions to enable an analytical approach to performance
assessment. Hence specific results must be interpreted with some caution. However, it is
believed the trends exhibited by the results are correct as the performance of a subset of the

configurations under consideration has been validated by non-linear simulation (see
Appendix C).

3.3 Equivalent rotor designs for two- and three-bladed machines

Since the performances of different wind turbine configurations are to be compared,
assumptions are required to design equivalent rotors for the various machines considered, as
described in Appendix E. To obtain a set of unambiguously equivalent rotors presents some
difficulty. Commercial practice does not exhibit any specific rules when it comes to the
number of blades (see Table E.1), but in general three-bladed rotors have lower tip speeds
than two-bladed rotors for the same power rating. However, to ensure a fair comparison
each rotor of the same size should be subject to similar stresses and, for ease of comparison,
the below rated performance should be similar.

Appendix E describes the design of two sets of equivalent rotors for 300 kW and
1 MW wind turbines using aerodynamic strip theory to have approximately the same size of
rotor and either equal stress at the root tip or the same blade solidity. Curves of blade pitch
angle versa wind speed for rated power, are depicted in Figure 5.1 for all six full-span pitch-
regulated rotors. The blade pitch/wind speed curve for the 300 kW machine is very similar
to that of the WEG MS3 (Leithead and Agius, 1992). (The radius of the 1 MW rotors,
whose design is driven by the aerodynamic characteristics of the corresponding tip
regulated-rotor, is rather large, see Appendix E. With better rotor design the radius would be
smaller and therefore the gradient of the power curve would be less steep.) The gradients of
all the curves increase at lower wind speeds and are approximately constant at higher wind
speeds. The blade operates below stall at all times. The rotors have been designed such that

the below-rated behaviour is the same.
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Figure 5.1 Blade pitch angle versa wind speed curves for rated power.

5.4 Linear analysis

The large number of configurations to be investigated necessitates the use of analytic
methods rather than simulation models. Consequently performance is evaluated by linear
covariance analysis (¢f. Appendix C). The linear model of the wind turbine (Appendix C) is
chosen in such a manner that the estimates of performance are in reasonable agreement with

the performance determined by simulation.

k; (KNm/(m/s)) k; (KNm/(m/s))
30 200
20 e — T E 150 =TT
o} TTTT 007 ==
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— —Rotor A - - -Rotor B- — Rotor C {—— - Rotor D - - -Rotor E- — Rotor F
a) 300 kW b) 1 MW

Figure 5.2 The value of k, for the range of wind speeds for each configuration.

The partial derivatives of aerodynamic torque with respect to wind speed, k;, and to
pitch angle, k,, are determined from the aerodynamic torque coefficients (listed in
Appendix G) for each rotor and are shown in Figures 5.2 and 5.3. For each configuration, &,
appears to vary with tip-speed and machine size, but not with the number of blades, while &,

is independent of tip-speed and the number of blades. Since for all the configurations the
ratio k, / k, in Figure 5.4 is greatest at low wind speeds, the actuator activity would be

predicted to be greater there than at higher wind speeds.
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Figure 5.3 The value of k, for the range of wind speeds for each configuration.
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Figure 5.4 The value of k,/ k, for various wind speeds for each configuration.

5.5 Performance assessment

For each configuration the standard deviation of power is estimated for the ranges
specified in Section 5.2 of controller cross-over frequencies, wind speeds, and frequencies of
the first drive-train mode. Of course, whether a controller cross-over frequency can be
achieved for a given configuration depends on the level of actuator activity. Accordingly the
standard deviation of pitch angle acceleration and pitch angle velocity are also estimated in
each case. In the discussion below it is assumed the controller is linear and is scheduled only
with k,, unless otherwise stated.

The performances of configurations A to F are investigated separately. The
performance of each is dependent on the first drive-train mode frequency, the controller
cross-over frequency and wind speed. With the wind speed 16 m/s, the dependence is
illustrated by Figure 5.5a which shows the standard deviation of power plotted against
controller cross-over frequency for different first drive-train mode frequencies (the range is
2 rad/s to 7 rad/s in steps of 1 rad/s) and by Figures 5.5b and 5.5¢ which shows the standard
deviation of pitch angle acceleration and velocity on log scales for the same parameter
ranges. There is a very clear tendency for the standard deviation of power to decrease as
controller cross-over frequency increases and the first drive-train mode frequency decreases.

The greatest decrease in standard deviation of power occurs at the lower controller cross-

over frequencies.
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For some of the two-bladed machines the standard deviation of power does not
decrease for controller cross-over frequencies greater than about 2 rad/s. In other words the
performance is not always improved by upgrading the control system. For both the two-
bladed wind turbines, the dependence of the standard deviation of power on the first drive-
train frequency is more significant, particularly when the controller cross-over frequency is
high. In comparison, the standard deviation of power for three-bladed machines is not
sensitive to the first drive-train frequency. There is also a strong general tendency both for
two- and three-bladed machines for the standard deviation of pitch angle acceleration or
velocity to increase as the controller cross-over frequency increases and the first drive-train
mode decreases. Hence an improvement in performance as measured by the standard
deviation of power alone cannot be achieved without a concurrent increase in actuator
activity. However, when the controller cross-over frequency is low, the standard deviation
of pitch angle acceleration (or velocity) is not dependent on the first drive-train mode
frequency.

Four typical but strongly contrasting configurations of wind turbines are compared
to illustrate the wide range of performance possible. The first is a 300 kW, two-bladed
configuration (Aa) with first drive-train mode frequency 6 rad/s; the second is a three-
bladed, 300 kW machine (configuration Cb) with first drive-train mode frequency 7 rad/s;
the third is a 1 MW, two-bladed machine (configuration Da) with first drive-train mode
frequency 3 rad/s; and the fourth is a three-bladed, | MW machine (configuration Fb) with
first drive-train mode frequency 4 rad/s.

Figure 5.6 shows the standard deviations of power plotted against controller cross-
over frequency (in rad/s) for three different mean wind speeds (12 m/s, 16 m/s and 23 m/s)
for each of the four configurations. It may be observed that the most testing conditions are
usually in high wind speeds which are encountered rather infrequently. Except at high wind
speeds, the standard deviation of power is only weakly related to the controller cross-over
frequency. The benefit of increasing the controller cross-over frequency would only be
perceived in high wind speeds, so there is little premium for so doing for a wind turbine
situated on a low wind speed site. The standard deviation of power for a particular controller
cross-over frequency is independent of the number of blades.

Also indicated on Figure 5.6 are the controller cross-over frequencies at which the
standard deviation of pitch angle acceleration is 6, 18, 57 °/s? for 300 kW machines (2, 6,
19 °/s? for | MW machines), for a mean wind speed 12 m/s. (Since for all configurations the
standard deviation of pitch angle acceleration increases with wind speed, the rating of the

actuator is determined primarily by the conditions just above rated wind speed, namely
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12 m/s.) The performance of the three-bladed wind turbines is better than the two-bladed
wind turbine when the actuators have the same rating. Lack of detailed information about
actuator capabilities for | MW wind turbines prevents direct comparisons to be made of
medium- to large-scale machines. However, the conclusions described above appear to hold
independent of power rating.

To enable a direct comparison of performance of the various configurations, the
variance of generated power is plotted against actuator activity for all the configurations.
Figures H.la to H.5a show, for each of the wind turbine configurations investigated, the
standard deviations of generated power for each wind speed against the standard deviations
of the actuator acceleration for the worse case?; that 1s, the standard deviation of the actuator
acceleration induced at 12 m/s by the controller cross-over frequency as it varies. Similarly,
Figures H.1b to H.5b show for each of the wind turbine configurations investigated the
standard deviations of generated power for each wind speed plotted against the standard
deviations of the actuator velocity for 12 m/s. By comparing Figures 5.7a (5.8a) with 5.7b
(5.8b), it can be seen that the performance is not sensitive to the rotor speed. Also, by
comparing Figures 5.9a (5.10a) with 5.9b (5.10b) for the two-bladed machines and
Figures 5.11a (5.12a) with 5.11b (5.12b) for the three-bladed machines, it can be seen that
the difference in performance of two and three-bladed machines is not dominated by the
relative intensities of the transient loads at nQ,. The standard deviations of generated power
do not vary in proportion to the intensities of the transient loads at nQ), and the performance
is not strongly dependent on them.

The large improvement in performance as measured by the standard deviation of
generated power accrues from increased control-system performance only below a standard
deviation of actuator acceleration of 20 °/s> for 300 kW machines (10 °/s* for 1| MW
machines) or actuator velocity of 8 °/s for 300 kW (4 °/s for | MW machines). In other
words, to improve performance beyond this point requires a disportionately large increase in
the actuator capability. It should be noted that the performance does not always improve
monotonically with an increase in drive-train compliance; i.e. a low first drive-train mode.
The performance of the two-bladed machines improves as the first drive-train mode
frequency decreases, whilst the performance of the three-bladed machines improves as the

first drive-train mode frequency increases.

2 For any of the mean wind speeds considered the wind speed may momentarily reach 12 nvs and the

actuator activity is more sensitive to this instantaneous wind speed than long term wind speeds.
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For all the configurations, the performance deteriorates with increasing wind speed.
Except at high wind speeds, the standard deviation of power is only weakly related to the
controller cross-over frequency. Figures H.6a to H.10a show, for each of the wind turbine
configurations investigated, the standard deviation of generated power against the standard
deviation of the actuator acceleration as it varies with cross-over frequency for each wind
speed. Similarly, Figures H.6b to H.10b show the standard deviation of generated power
against the standard deviation of the actuator velocity for each wind speed. Comparing these
two sets of figures it can be seen that the performance of the two-bladed machines can be
improved at high wind speeds by increasing the controller cross-over frequency compared to
that used at low wind speeds (see Figures 5.13), as investigated by Leith and Leithead (1994-
1996). The greatest improvement can be made on two-bladed machines. However, little

improvement would be seen at low-wind speed site.
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Figure 5.5a Standard deviation of generator power for 16 m/s wind speed.
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Figure 5.5¢ Standard deviation of actuator velocity for 16 m/s wind speed.
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Figure 5.6 Power control performance for four different machine configurations
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5.6 Conclusions

The second step to attaining the objective to lay the foundation for the control

aspects of the integrated design of wind turbines has been achieved for full-span regulated

wind turbines, as follows and with the following conclusions.

a)

b)

The attainable performance of power control, which is surprisingly large, is

determined for a range of configurations.

The performance of the three-bladed machines is significantly better (by an order
of magnitude) than that of two-bladed machines for all but the lowest drive-train
modes and controller cross-over frequencies.

The performance of two-bladed machines can be improved greatly by reducing the
frequency of the first drive-train mode.

Three-bladed machines are insensitive to the first drive-train mode frequency.
Performance is weakly related to rotor angular velocity and the intensity of the
transient loads at nQ2,.

As would be expected, performance is strongly related to controller activity for
controllers with low cross-over frequencies.

Except at low frequencies, increasing the controller cross-over frequency requires
a disproportionate increase in the rating of the actuator.

There is a limiting controller cross-over frequency, (roughly 2 rad/s) beyond
which any improvement in performance is small.

The above conclusions hold for all the machines studied. Since many

simplifying assumptions were made to allow linear analysis, a sample of the results

has been validated by non-linear simulation, see Appendix C. Although ideal

damping of the drive train is assumed, the methodology is readily adapted to

configurations without ideal damping but many of the trends observed also apply to

these configurations, see Chapter 8.

The implications for controller design are also determined.

Increasing the controller cross-over frequency in high wind speeds can be
advantageous. An improvement in performance can be achieved by increasing
the controller cross-over frequency and hence the actuator activity at higher
wind speeds. In contrast, the highest actuator activity for a particular controller
cross-over frequency is required at the wind speeds just above rated wind speed.
Therefore performance could be improved by increasing the controller cross-

over frequency with wind speed, see Chapter 8.

&S



e Attempting to improve performance by optimising the design of the controller
can achieve little. (The gain in performance from increasing the cross-over
frequency beyond 2 rad/s is marginal but requires an excessive increase in
actuator capability.)

Any comparison between the performance of machines of different power rating

should be treated with some caution due to the absence of detailed knowledge of actuators

for 1 MW machines.
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6 Tip-regulated machines

6.1 Introduction

The previous chapter describes an investigation of the dependence on configuration
of the performance of active, full-span, pitch control in alleviating transient loads. The
present chapter discusses the results of a parametric study where the full-span regulated
rotors are replaced by tip-regulated rotors.

The methodology used to estimate the performance for a specific configuration is the
same as that in Chapter 5, as is the set of configurations investigated. The only change is
that regulation is done with part, not all of the blade. Since the movable part of the blade is
lighter than on a full-span machine, the tip would be expected to be able to move faster for
the same motive force. Although in below rated wind speeds the aerodynamics of a tip-
regulated machine are identical to that of a full-span machine with the same rotor design, the
above rated behaviour is very different. This chapter considers how the performance of tip-
regulated machines is affected by the same machine characteristics considered in Chapter 5,
namely

e the number of blades;

e the dynamic characteristics of the drive train;

e the dynamic characteristics of the controller;

e the intensity of the drive-train transient loads at nQ2,; and

e the angular velocity of the rotor.

6.2 Different types of wind turbine configuration

The wind turbine configurations considered are listed in Table 6.1. For each
configuration, the intensity of nQ,, is assumed to be identical to that of the corresponding
full-span regulated machine. As before, the performance indicators considered are the

standard deviations of generated power and the actuator acceleration and velocity. Similar
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ranges of first drive-train frequencies, controller cross-over frequencies and wind speeds are
considered to those in Chapter 5.

Again, because there are a large number of configurations to be investigated the
simplifying assumptions described in Appendix C are required to enable an analytic
approach to performance assessment. Hence, as in the previous chapter, specific results must
be interpreted with some caution, but the trends exhibited by the results are validated by non-

linear simulation (see Appendix C)

Configuration | No. of | Power rating Rotor speed, Spectral loads
blades (kW) Q, (rad/s)

Ga 2 300 5.090 1/2 x Nominal 22,
Gb 2 300 5.090 Nominal 2Q,
H 3 300 5.201 Nominal 3Q2,
la 3 300 4.125 Nominal 3Q2,
Ib 3 300 4.125 2 x Nominal 3Q),
Ja 2 1000 2.800 1/2 x Nominal 2Q),
Jb 2 1000 2.800 Nominal 2Q,
K 3 1000 2.850 Nominal 3Q),
La 3 1000 2.250 Nominal 3Q),
Lb 3 1000 2.250 2 x Nominal 3Q),

Table 6.1 The different tip-regulated wind turbine configurations.

6.3 Equivalent rotor designs for two- and three-bladed machines

To ensure a fair comparison with the full-span regulated machines described in
Chapter 5, the rotors of the tip-regulated machines considered here are identical to those of
the full-span wind turbines, so that for each rotor of the same size similar stresses are
experienced and the below rated performance is similar. The design of the equivalent rotors
and the determination of the tip size are described in Appendix E. The resulting curves of tip
angles versa wind speed for rated power are depicted in Figure 6.1. The tip angle/wind
speed curve for the 300 kW machine is very similar to that of the Howden 330/33 wind
turbine (Wilkie and Leithead, 1989), while the curve for the I MW machine is very similar
to that of the Howden 1000/45 machine (Leithead et al., 1991a). The gradients of all the

curves decrease with increasing wind speed until at high wind speeds the gradient is nearly

Z€ro.
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Figure 6.1 Tip angle versa wind speed for the tip-regulated rotors.

6.4 Linear analysis

As before, performance is evaluated by linear covariance analysis as described in
Appendix C using the transfer functions (C.1) to (C.20). The three disturbances are assumed
to be identical to those experienced by the full-span machines with the exception of the

values of k, and k,.

The partial derivatives of aerodynamic torque with respect to wind speed, k,, and
with respect to pitch angle, k,, are determined from the aerodynamic torque coefficients for

each rotor (listed in Appendix G) and are shown in Figures 6.2 and 6.3. As with the full-

span regulated machines, for all the configurations k; varies with tip speed and machine size,
but not with the number of blades; and the ratio k, / k; in Figure 6.4 i1s greatest at the lower

wind speeds. Hence the actuator activity would be predicted to be greater there than at

higher wind speeds.
k, (KNm/(m/s)) k , (kNm/(m/s))
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Figure 6.2 The value of k, for the range of wind speeds for each configuration.
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Figure 6.3 The value of k, for the range of wind speeds for each configuration.
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Figure 6.4 The value of k, / k; for various wind speeds for each configuration.

6.5 Performance assessment

The performances of configurations G to L are investigated separately in an identical
manner to the configurations considered in Chapter 5. The performance of each is dependent
on the first drive-train mode frequency, the controller cross-over frequency and wind speed.
At a wind speed of 16 m/s, the dependence is illustrated by Figure 6.5a which shows the
standard deviation of power plotted against controller cross-over frequency for different first
drive-train modes and by Figures 6.5b and 6.5c which show the standard deviation of pitch-
angle acceleration and velocity for the same parameter ranges. There is a general tendency
for the standard deviations of power, acceleration and velocity to vary with controller cross-
over frequency and first drive-train frequency in similar manners to the full-span regulated
machines considered in Chapter 5.

Four typical but strongly contrasting configurations of wind turbines are compared
to illustrate the wide range of performance possible. The first is a 300 kW, two-bladed
configuration (Ga) with a first drive-train mode frequency of 6 rad/s; the second is a three-
bladed, 300 kW machine (configuration Ib) with a first drive-train mode frequency of
7 rad/s; the third is a | MW, two-bladed machine (configuration Ja) with first drive-train
mode frequency at 3 rad/s; and the fourth is a three-bladed, I MW machine (configuration

Lb) with first drive-train mode frequency at 4 rad’s.
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The standard deviations of power are plotted in Figure 6.6 against controller cross-
over frequency for the three different mean wind speeds for each of the four configurations.
Similar conclusions can be made to those from Figure 5.6. As in Figure 5.6, Figure 6.6
indicates the controller cross-over frequencies at which the standard deviation of pitch
acceleration is 6, 18, 57 °/s? for 300 kW machines (2, 6, 19 °/s? for 1 MW machines) for a
mean wind speed 12 m/s. The performance of the three-bladed wind turbines (as measured
as the standard deviation of power) is better than that of the two-bladed wind turbine when
the actuators have the same rating.

Once again, to enable a direct comparison of performance of the various
configurations, the variance of generated power is plotted against actuator activity for all the
configurations. Figures H.11a to H.15a show for each of the wind turbine configurations
investigated the standard deviations of generated power for each wind speed against the
standard deviations of the actuator acceleration for the worst case. Similarly Figures H.11b
to H.15b show for each configuration the standard deviations of generated power for each
wind speed against the standard deviations of the actuator velocity for 12 mys.

By comparing Figures 6.7a (6.8a) with 6.7b (6.8b), it can be seen that performance
is not sensitive to rotor speed. Also, by comparing Figures 6.9a (6.10a) with 6.9b (6.10b) for
the two-bladed machines and Figures 6.11a (6.12a) with 6.11b (6.12b) for the three-bladed
machines, it can be seen that the difference in performance of two and three-bladed machines
is not dominated by the relative intensities of the transient loads at n{2, The standard
deviations of generated power do not vary in proportion to the intensities of the transient
loads at nQQ, and the performance is not strongly dependent on them. As with the full-span
pitch regulated machines, to improve performance beyond a certain point - i.e. beyond the
standard deviation of generated power associated with a standard deviation of actuator

acceleration of 10 °/s? for 300 kW machines (6 °/s* for | MW machines) or actuator velocity

of 4 °/s for 300 kW machines (2 °/s for | MW machines) - requires a disportionately large
increase in the actuator capability. It should be noted that the performance does not always
improve monotonically with an increase in drive-train compliance; i.e. a low first drive-train
mode. Unlike previously, the performances of all the machines do not deteriorate with
increasing wind speed. Little increase in the performance of each configuration can be
achieved by increasing the controller cross-over frequency in high wind speeds compared to
that used in low wind speeds (e.g. compare Figure 6.13) as investigated by Leith and
Leithead (1995-1996).

Figures H.16a to H.25a show for each of the configurations investigated the standard

deviations of generated power against the standard deviations of the actuator acceleration as

91



it varies with cross-over frequency for each wind speed. Similarly Figures H.16b to H.25b
plot the standard deviations of generated power against the standard deviations of the

actuator velocity for each wind speed.
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Figure 6.5a Standard deviation of generator power for 16 m/s wind speed.
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6.6 Conclusions

The second step to attaining the objective to lay the foundation for the control

aspects of integrated design of wind turbines is achieved for part-span regulated wind

turbines. The following conclusions are identical to those in Chapter $.

a) The attainable performance of power control, which is surprisingly large, is

b)

determined for the same machine configurations as considered in Chapter 5.

The performance of the three-bladed machines is significantly better (by an order
of magnitude) than that of two-bladed machines.

The performance of two-bladed machines can be improved greatly by reducing the
frequency of the first drive-train mode.

Three-bladed machines are insensitive to the first drive-train mode frequency.
Performance is weakly related to rotor angular velocity and the intensity of the
transient loads at n<Q,.

As would be expected, performance is strongly related to controller activity for
controllers with low cross-over frequencies.

Except at low frequencies, increasing controller the cross-over frequency requires
a disproportionate increase in the rating of the actuator.

There is a limiting controller cross-over frequency, (roughly 2 rad/s) beyond
which any improvement in performance is small.

The above conclusions hold for all the machines studied. Since many

simplifying assumptions were made to allow linear analysis, a sample of the results

has been validated by non-linear simulation, see Appendix C. Although ideal

damping of the drive train is assumed, the methodology is readily adapted to

configurations without ideal damping but many of the trends observed also apply to

these configurations, see Chapter 8.

The implications for controller design are also determined.

Attempting to improve performance by optimising the design of the controller
can achieve little. (The gain in performance from increasing the cross-over
frequency beyond 2 rad/s is marginal but requires an excessive increase in

actuator capability.

In contrast to the results for full-span regulated machines set out in Chapter 5, the

worst performance for tip-regulation does not occur at higher wind spceds. Therefore

increasing the controller cross-over frequency in high wind speeds would not improve

performance.
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As in Chapter 5, any comparison between the performance of machines of different
power rating should be treated with some caution due to the absence of detailed knowledge
of actuators for 1 MW machines.

In this and the previous chapter consideration is restricted to conventional
aerodynamic control devices. Whether any advantage accrues from non-conventional

devices is investigated in Chapter 7.
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7 Novel tip control devices

This chapter discusses the performance of some ‘novel’ tip control devices. One of
the potential advantages of using a conventional tip control device over a full-span pitch-
control device is the tip’s ability to be used as fast effective aerodynamic brakes and hence
remove the necessity for one of the two compulsory emergency brakes. Tip length is
dictated by the requirement for the tips to act in unison to brake the machine. The size of the
remaining usually mechanical brake is dictated by the torque required to brake the rotor from
the overspeed condition. If, however, the tips could work as independent brakes, the size
and hence the cost of the mechanical brake could be reduced. In this case, the size of the
brake is dictated by the maximum torque required to control the machine from the overspeed
condition with one of the tips failing to deploy. Appendix F investigates the potential use of
tips as independent aerodynamic brakes.

The performance of two novel tip devices for power control is considered in this
chapter; firstly, the flying leading edge device (known as the FLEDGE) of Jamieson and
Agius (1989); secondly independent blade control using the compliant tip device of
Anderson et al. (1990). In each case, the concept of the control device is described and its
ability as a fail-safe aerodynamic brake is discussed, and its performance as a power-control

device is investigated.

7.1 The FLEDGE

The FLEDGE (flying leading edge) was conceived by Jamieson following wind-
tunnel tests at Imperial College on a related tip device, the SLEDGE (sliding leading cdge),
(Jamieson and Agius, 1989). The steady-state aerodynamic performance of the fledge was
compared to the conventional tip by Jamieson and Agius (1990). The fledge is similar to the
Howden rotating tip (NWTC, 1994) except that its dynamics, the actuation system and the
structural engineering are very different. An investigation of the design issues was
undertaken by National Wind Turbine Centre at East Kilbride in a project funded by the
Department of Environment (NWTC, 1994). The device was also tested under laboratory
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conditions (Hunter ef al., 1993). NWTC (1994) investigated the sledge and two types of
fledge, the off-set hinge fledge and the ball-joint fledge (see Figure 7.1), as braking devices
and the ball-joint fledge as a power-control device. The sledge appears to be an effective
brake (NWTC, 1994) and has the potential to be a control device (Havard, 1990). However,
it suffers from severe blade loading at the tip joint (NWTC, 1994). The fledge with an offset
hinge-line is a simple, low-cost air brake, but is not suited to control and so is not considered
here. The most favourable braking and power control device of the three appears to be the
ball-joint fledge. Its dynamics and braking behaviour are described in Appendix F. It is
likely to cost a quarter of the equivalent tip system (NWTC, 1994).

Relative wind speed Turbine blade

Slide track

Figure 7.1 The ball joint fledge.

The ball-joint fledge consists of a portion of the upper blade surface (the fledge
plate) at the tip of a blade, which rotates along the leading edge of the blade to present a high
drag profile to the air flow. The fledge plate is attached by a rod to a mass on a slide track
also situated locally at the tip as shown in Figure 7.1. The fledge plate is opened by inertial
forces acting radially outwards on the actuating mass. To control the movement of the
fledge, a cable is attached to the fledge plate as shown in Figure 7.1. The cable is passed
around a pulley fed back to the hub to a hydraulic damper as described in Appendix F.

The dynamics of the fledge are described in Appendix F. Since the fledge must act
as an effective brake, prior to investigating its use as a tip control device, a suitable geometry
and dimensions for the fledge must be determined for that use.

This chapter uses the results of Appendix F to consider power-control performance
of a wind turbine with fledges. The geometry and the masses used here are shown in

Table 7.1.
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length 1.5m
Fledge plate chord 100 %

mass, M 10 kg
Sliding mass, m 5kg
Distance from hinge to sliding mass, » | 0.3 m
Link rod length, R, 15.25m
Height offset of hinge, A 0.04 m

Table 7.1 The geometry and the masses of the fledge mechanism.

7.1.1 Effect of new rotor design on the drive-train dynamics

The fledge device is smaller in length than the conventional tip. For this reason this
sub-section first discusses the influence of reducing the size of conventional tips on control
performance and then discusses the influence of using fledges instead of tips on the drive-

train dynamics.

7.1.1.1 Reducing the tip size

One of the motivations for considering tips and other small power limiting devices
on the NWTC project is their potential for reducing actuator loads. One method of reducing
tip size is to design the rotor so that the operational curve is nearer stall in the higher wind
speeds. The Howden HWP330/33 rotor is unusual as it does not stall regulate until the
power output is above 800 kW. Hence NWTC (1994) designed a new 33 m diameter stall-
regulated rotor (NWTCCON?33) rated at 450 kW with a synchronous speed of 38 rev/min to
investigate the aerodynamic behaviour of the fledge. The length of the tip for this new rotor
is 1.5 m, which is here compared to the 2.5 m tip of the HWP330/33. The curves of tip angle
versa wind speed for rated power for the HWP330/33 and NWTCCON33 rotors are
compared in Figure 7.2 and the effect on the performance of the wind turbine is shown in
Figure 7.3. (The standard deviations shown in Figure 7.3 are calculated by the same
methodology as those in Chapters 5 and 6, using the partial derivatives in Table 7.2.) As
would be expected with three bladed tip-regulated machines (see Section 6.5), the worst
performance occurs at around rated wind speed. Since the tips of the NWTCCON33 rotor
are considerably shorter, they have less inertia, and hence the achievable actuator
accelerations and velocities would be expected to be greater than those for the HWP330/33
machine. Therefore, making direct comparisons between the two rotors is difficult. The
predicted performance of the NWTCCON33 rotor is interpreted to be no worse than that of
the Howden HWP330/33, see Figure 7.3.
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Figure 7.2 The curves of tip angle versa wind speed for rated power for
the NWTCCON33 and Howden HWP330/33 rotors.
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Figure 7.3 The performance of the NWTCCON33 and Howden HWP330/33 rotors.

7.1.1.2 Replacing tip with fledge mechanism

Since the use of the fledge mechanism obviates the need for hydraulic mechanism
along the blade, it significantly reduces the inertia of the rotor. It is assumed here to be
reduced to 10° kgm? if the NWTCCON33 blades are made of wood/epoxy composite. (The
value 10° kgm? is rather low according to Mercer and Quarton (1992); who suggest 1.56x10°
kgm?) The effective rotor inertia now includes the inertia of the fledge devices and so from
(F.15) it is adjusted to

1, =3M(z? +r¥(1-cos8)?) +3m(R, +s)* +1, (7.1)
where t=(R, + Rcosy,). (The variables are defined in Appendix F.)

Using (7.1), the rotor inertia when the fledge plate is closed becomes
1.109052x10° kgm®. As expected the reduction of the rotor inertia increases the frequency
of the first drive-train mode, from 7.35 rad/s to 9.62 rad/s and decreases its damping ratio
from 0.44 to 0.34. To avoid the problem of the first drive-train mode being too close to 3QQ,
(11.94 rad/s), it is assumed that the stiffness of the low-speed shaft is also reduced to
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6.702x10° Nm, so that the first drive-train mode is near its original value, 7.356 rad’s, safely
between 1Q, and 3Q2,, The damping of the first drive-train mode is now further reduced to
0.257 and the drive-train transfer function is

763
(s% +3.779s + 54.11)(s> +29.55s + 6780)

G(s) = (7.2)

The aerodynamic gain, i.e. the rate of change of torque with respect to fledge angle
is calculated from aerodynamic tables provided by NWTC for the mean wind speeds 16 m/s
and 23 m/s. The aerodynamic tables are listed in Appendix G. However, the aerodynamic

wind-tunnel test data on which the tables are based are executed at a higher Reynolds

number when the fledge plate is closed, (6 = 0) compared to the other fledge angles. This
lack of aerodynamic information means that the aerodynamic behaviour of the fledge 1in
wind speed just above rated is rather uncertain. As in the simulation work done by NWTC
(1994) this mismatch at wind speeds just above rated is compensated for by using (7.3)' to
calculate the partial derivatives for 12 m/s for the linear analysis. (The non-linear simulation
used the torque tables provided by NWTC.)

oT
00 geg

= (2 x 104.3096(0 45 — 5) +3178.926) / Q (7.3)

The partial derivatives of aerodynamic torque with respect to fledge angle used to calculate

performance are shown in Table 7.2 for mean wind speeds 12 m/s, 16 m/s and 23 m/s.

HWP330/33 Tip NWTCCON33 Tip Fledge
Wind | Pitch | 9T/0V | OT/0B Pitch | oT/0V | oT/op | Pitch oT/oV | 0OT/op
speed | angle (Ns) (Nm/°) | angle (Ns) | (Nm/°) | angle (Ns) | (Nm/°)
ms) | () © @)
12 6.07 18229 | -1835| 0.00 11553 -638 | 0.00 10854 -536
16 22.10 6062 | -4606 | 14.22 5640 | —-4025 | 10.17 2563 | -1692
23 26.65 596 [ -6501 | 20.50 6771 | —6862 [ 21.51 3432 | -2256

Table 7.2 Aerodynamic torque partial derivatives.

7.1.2 Effect of fledges on actuator capability

Initially, it would be expected that the fledge mechanism has considerably greater
actuator capability than the tip. Problems with space in the actuator design can be avoided
by situating the fledge actuation system in the hub instead of at the tip as described in
Appendix F. The fledge moving parts are considerably lighter and hence have less inertia

' This is calculated from a polynomial fit of the aerodynamic tables which 1s corrected for the

mismatch in Reynolds number and then smoothed.
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than a conventional tip. Hence, the actuator capabilities would be expected to increase.
However, the modelling of the fledge described in Appendix F ignores flapping loads. The
effect of blade flapping on the inertia loads and their potential to cause the cable actuator
system to become slack has been investigated by McKenna (1992) and Mercer and Quarton
(1992) for NWTC (1994). (Although they considered a slightly different fledge geometry
and their machine is attached to the British grid, it is assumed that their result, that flapping
loads can be ignored, would also hold for the type of fledge considered here.) McKenna
(1992) found that only in very exceptional wind conditions would there be any risk of loss of
cable tension as the predicted flapping loads were considerably smaller than the aerodynamic
moment and the inertia forces. However, McKenna (1992) also found that there is an
increase of noise in the tension in a cable which may effect the capability of the actuator.
Since the actuator may be more susceptible to flapping loads it is assumed to have the same
bandwidth as a conventional tip machine. Therefore the actuator dynamics are approximated
by a first-order transfer function with a bandwidth of 23 rad/s. The extent to which the
flapping loads affect the capability of the actuator is not clear, but it is thought that the
achievable maximum actuator accelerations and velocities would be slightly greater for the

fledge compared to the tip.

7.1.3 Comparison of performance of fledges and conventional tips

The fledge device is likely to cost a quarter of the equivalent tip system (NWTC,
1994). It has the advantage that it is predicted from steady-state calculations to suffer lower
axial bending moments at the tip-joint than the tip during power regulation, see Figure 7.4
(NWTC, 1994). This is because the flying tip produces a sudden load reversal from positive
to negative axial bending moment at the tip-joint around rated wind speed, whereas the axial
bending moment for the fledge is almost constant. Hence, the fledge will induce less
flapwise fatigue when used for power control. The fatigue damage problems associated with
the flying tip are due to controlling the power by the rotating the tip to reduce the flow
incidence which reduces the lift to slight negative values whilst maintaining constant low
drag. The change in lift dominates the change in axial bending moments seen in Figure 7.4.
The fledge, on the other hand, increases the drag to produce a braking torque whilst

maintaining constant lift, effects the tangential bending moments instead of the axial ones.
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Axial bending moment

Tip ------ Fledge

Figure 7.4 Axial bending moments at the tip joint for steady-state
power regulation (NWTC, 1994).
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(The standard deviations were calculated by the same methodology as described in

Appendix C, using the partial derivatives shown in Table 7.2.)
Figure 7.5 The performance of the fledge compared to the tip.

The performance predicted by spectral analysis of a machine with fledges compared
to conventional tips is shown in Figure 7.5. If the actuator capabilities and pitching linkages
are the same then the performance of the fledges is slightly worse than conventional tips. It
should be noted that the worst performance is at wind speeds just above rated, where the
aerodynamic behaviour of the fledge is uncertain. However, taking into account the fledges’
expected greater actuator capability it is considered that the performance of a fledge-
controlled machine appears to be similar to that with conventional tips.

The ability of the fledge to be used as a power control device has been verified by
non-linear simulation as part of the NWTC project (1994).
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7.1.4 Summary of fledge performance

Benefits of the fledge

. The fledge is likely to cost less, perhaps a quarter of the equivalent tip system
(NWTC, 1994).

. The fledge moving parts have a lower pitch inertia than the conventional tip device,
and hence because of lower actuating force has the potential for higher actuator
bandwidth and higher actuator velocities and accelerations. (However, the actuator
capabilities may be restricted due to blade flapping.)

o There is less limitation on the size of the actuator as it is situated in the hub rather than
in each blade.

. There appear to be fewer potential problems with ensuring the devices act in unison.

o The steady-state aerodynamic loading implies that the fatigue load cycling on a fledge
i1s less severe (NWTC, 1994).

Disadvantages of the fledge

J The steady-state analysis implies that the blade root bending moment is higher on a
fledge than on a tip (NWTC, 1994).

o The actuator may be more susceptible to flapping loads (McKenna, 1992).

J Large torsional bending moments are experienced around the tip joint when the fledge

is fully deployed as a brake (NWTC, 1994).

The fledge is likely to be highly effective as an over-speed braking device and as a
means of power regulation. The power control performance of a machine with fledges
seems to be comparable with one with conventional tips, although this is very dependent on
the aerodynamic behaviour of the fledge in just above rated wind speeds and on the expected
extra capability of the actuator system. Fatigue damage due to vanations in the axial
bending moment during power control is predicted to be greatly reduced and the device is

considered to be cheaper to build.

7.2 Independent blade control

The performance and design of conventional power control systems is thoroughly
investigated in Chapters 5 and 6, and Appendix C. There the pitch of the blades is varied,

with all the blades acting in unison, in response to the error between measured generated

power and rated power.
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Another approach to the control of wind turbines might be independent blade
control. In this context, independent blade control refers to the situation when the control of
each blade through its own independent actuator is driven by a feedback loop in response to
a separate measurement made locally at its blade. The angle of pitch of each blade would be
adjusted in response to the load it experiences and independently from the pitch of the other
blades. Independent blade control has the following potential advantages.

i) It reduces drive-train torque fluctuations induced by wind turbulence. The

control response to drive-train loads due to wind turbulence is faster than

conventional power control, since the control action is enacted directly on the rotor
rather than of after the transients have propagated through the power train.

i) It regulates the torque transients experienced by a blade, such as the cyclic loads

at 1Q2, which cannot be detected from generated power and so cannot be controlled

by power control.
The load transients in both the above are induced by the interaction of the effective wind
field with each blade, as explained in Chapter 2 and Appendix A.

In independent blade control a measurement local to the blade is required of its
interaction with the wind field i.e. ideally an indirect measurement of the effective wind
speed, w, is required. Independent blade control sets the actual pitch angle, B,, to the
required pitch angle, G(w), at which power output would be rated, locally at each tip thereby
smoothing .out the transient loads induced on the blade and so the wind turbine. The
controller acts on the error (B, — G(w)) to provide a demanded pitch angle, B, which is fed to
the actuator.

One example of independent blade control which is discussed here is independent tip
control, namely, compliant tip control. Using the tip has the advantage that the tip section of
a blade operates at a high tip-speed ratio and remains nominally unstalled in all wind speeds.

The purpose of the latter part of this chapter is to compare the performance of
independent tip control, both on its own and in combination with power control, to power
control alone. The discussion is divided into two parts; in the first, the dynamics of the
compliant tip are described and how they may be exploited for independent tip control; in
the second, the dynamics of independent tip control are analysed with a view to optimise and
assess its performance compared to conventional tip control. A simulation based on the
Howden HWP330/33 wind turbine with the actuator replaced by the compliant tip actuator
system, described in Appendix F, and the control system replaced by a continuously acting

control system is used to verify the above analysis Leithead et al. (1992b), (Anderson and

Campbell, 1992).



7.2.1 The compliant tip concept and aerodynamics

Pitch compliance is added to the tip by setting the pitch axis behind the aerodynamic
centre’ while maintaining the same angle of attack, see Figure 2.7. The tip is unstable and
without any pitching moment the tip automatically fails to the braking position. (The fail-
safe braking behaviour of the compliant tip has been validated in wind tunnel tests by
Richon and Anderson (1993)).

Central to any independent blade control is a suitable measurement of the effective
wind field affecting the blade. For compliant tips, one such measurement is the aerodynamic

pitching moment on the blade, Maero (Anderson and Campbell, 1992). As long as the tip
speed ratio, QR/V, is high, i.e., ¢ is small, it follows from the wind triangle in Figure 2.7 that
¢ is approximated by
—%za+Ba=¢ (7.49)
Therefore a change in wind speed at the tip, ¥, is proportional to a change in the angle of
attack and Maero is a linear function of V as long as the lift is proportional to the angle of
attack, i.e. the tip section remains unstalled (Anderson and Campbell, 1992).

An applied pitching moment from the actuator is used to compensate for changes in

the aerodynamic moment so that the tip produces the correct amount of lift, and hence the

aerodynamic pitching moment, Maero, to achieve rated power.

3V,
Maero K
m2
+
Mapp i 1 1 1 4 1 ]'
A — — ﬁa dMapp A A — 1 - PSBG
JBs ) JBS i SJ
a) b)

Figure 7.6 Linearising actuator interaction with aerodynamics.

Although, Maero cannot be measured directly it can be estimated from

measurements of the moment applied to the blade by the actuator, Mapp, and the pitch

acceleration, B 2 - The dynamics at the tip are

Maero = J gB, — Mapp (7.5)

2 The aerodynamic centre is the position at which the lift may be considered to act.
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where J; is the blade inertia. Maero is a function of B, and the wind speed seen by a tip, V,.
The relationship between Maero and Mapp is depicted in Figure 7.6a which may be

linearised as in Figure 7.6b where

_ OMaero X _ OMaero
B T T (7.6)

o

m2
Pa

7.2.2 Estimation of the required tip angle

In this sub-section the estimation of the required tip angle for rated power for the
current wind speed is investigated (i.e. “on-design” operating conditions). Two variables are
available from the actuator, the tip angle and aerodynamic moment, Maero, calculated from
measurements of the tip acceleration and the applied moment, Mapp, using (7.5). Hence, the
estimate of the required tip angle for rated power for current wind speed is a function  L(j,,
Maero(V,, 8,)). Since L 1s the required tip angle for the current wind speed, it should change
only in response to a change in wind speed and not in response to a change in tip angle, i.e.

dL(B,, Maero) OL(B,, Maero) N OL(B,, Maero) oMaero(B,.V,)
dp, B, OMaero B,

=0

Hence

OL(B,, Maero) _ oL(B,, Maero) OMaero(B3,,V,)
B, OMaero 0B,

(7.7)

One implication of (7.7) is that in the neighbourhood of an on-design operating
point, with 8, and Maero belonging to a small interval enclosing that operating point

LB, , Maero) = N(Maero- f(B,))
where (7.8)
df (B,) OMaero(B,.V,)
B, B,

with ¥, the on-design value of wind speed corresponding to B,. Hence, when close to on-

design operating conditions, there exists a function f{8,), for all B,, such that the required tip

angle, B,, for rated power for the current wind speed is

Br ~ N(Maero - f(Ba )) (79)
along the on-design operating curve. It follows that
Maero(B, Vo)~ N (B,) + f(Ba) (7.10)

This relationship is investigated using the simulation of the compliant tip. The

relationship between Maero and the tip angle whilst on design, ie. B, = B, is plotted in

Figure 7.7 and the tip angle varied with the wind speed kept constant so that curves of
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constant wind speed intersect the on-design curve. (The data used to produce this figure is

supplied in Table 7.3). The function f{B,) is found by smoothly joining the curves of

constant wind speed and subsequently N 'l(B,), is determined from the on-design curve

using (7.11).
N~'(B,)= Maero,,V,)- f(8,) (7.11)

Aerodynamic moment (Nm)

500
400 +
300 1
200 +

100 +

-

15 20 25 30

-100 + Tip angle (degree)

200 A

-300 -
Lines of constant wind speed

T Maero on-design curve

-500 _L I Difference between lines of constant wind speed

Figure 7.7 Maero and the tip angle for various constant wind speeds.

The function f{B,) is depicted in Figure 7.8 together with both on-design and off-
design® data and is a good representation for both. The function N''(B,) is also depicted in
Figure 7.8. These functions can be adjusted so that the intersect of the f3, axis by f{B,) may
be freely chosen.

* Off-design - operating points that are in a small neighbourhood of the on-design points.
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Wind speed, | Tip, B | Maero Maero Maero Maero Maero Maero Maero Maero Maero
V (m/s) () _|(V,p-4) (V',p-3) (V,B=2) (V,B-1) (V\B) (V.B+]) (V\B+2) (V,B+3) (V,B+4)
11.6 0 [-460.57 -434.98 -409.38 -381.52 -353.66 -321.68 -289.7 -253.81 -217.92
12 6.06 |-304.06 -268.76 -233.18 -193.22 -153.2 -112.2 -71.26 -31.15 8.98
13 13.53 [-52.97 -11.85 29.15 704 111.87 153.37 1949 236.59 277.93
14 17.88 | 88.18 130.28 172.37 214.69 257.13 298.78 338.54 376.43 111.93
15 20.46 | 159.91 202.89 24591 288.39 329.7 368.78 405.52 439.22 467.83
16 22.1 |193.06 236.86 280.37 322.53 362.76 400.49 43559 46599 488.56
17 2337 {211.21 255.63 2993 34149 3813 418.67 452.8 480.89 499.49
18 24.5 122424 269.37 313.49 355.67 39537 432.56 465.87 492.02 507.66
19 25.3 1222.87 268.69 313.48 356.36 397.12 434.74 468.73 495.59 511.95
20 25.92 | 213.7 260.26 306.06 350.17 391.81 430.88 466.07 494.87 514.2
21 26.32 [ 194.83 242.09 288.96 33448 377.93 418.66 456.05 4831 S512.14
22 26.64 | 171.34 219.29 267.19 31427 359.50 40229 442.16 477.94 506.89
23 26.76 [ 137.25 185.71 234.41 28299 330.41 375.77 418.48 457.96 493.02
24 26.79 | 100.02 149.31 198.71 248.12 297.04 344.58 390.02 432.62 471.65
25 27.13 | 75.65 125.73 175.74 225.87 276.07 32525 372.72 417.42 459.14

Table 7.3 The values of the aerodynamic moment, Maero (Nm),

varying with tip angle at constant wind speed.

The required tip angle resulting from a simulation, whilst using the estimate

N(Maero — f{B,)), is shown in Figure 7.9a. From Figure 7.8, it can be seen that the gradient
of f{B,) is almost constant with a value of 2292 Nm/rad. Choosing f{B,) to be zero when f, is
zero, a new estimate for tip angle is Q(Maero/2292 + B,) and the simulated required tip angle

using this new estimate is shown in Figure 7.9b. The estimates of the required tip angle in

Figure 7.9 are reasonable.

Aerodynamic moment (Nm)
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Figure 7.8 The functions f{,) and N'(B,) .

116




Required tip (d i -
30‘1 'lP( eg'l'CCS) ' | :lj’.gtlmate A'/(Maer"o f FBa ))'

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

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

0 20 40 60 8 100 0 20 40 60 8 100
Time (seconds) Time (seconds)
a)
ggtimate Q(Maero /12292 +[3a )

-+

Time (seconds)
b)
Figure 7.9 The required tip angle and estimates N(Maero - f{ B,)) and Q(Maero/2292 + B,).

7.2.3 Comparison of compliance tip control with power control

The performance of a wind turbine with independent tip control can only be
compared with power control if similar tip accelerations and velocities are demanded of the
actuator. The two types of control action are expressed in similar terms below, so that they
can be compared and combined as required.

Both the control systems can be thought of as controlling drive-train torque
fluctuations about rated torque. The two control systems each have their own method of
measuring the fluctuations (see Figure 7.10). Power control measures the power output of
the machine, P, and compares it with rated power, P,, and the error is used for control action.
With compliant tip control on the other hand, the applied moment, the blade pitch angle and
acceleration are measured to estimate the required tip angle and (B, — L(B,, Maero(V,, B,)) is
used for the error for control action. In both cases the error is used to update the demanded
tip angle, B,, via a controller.

The two control systems are subject to different disturbances. The wind seen by the
tip and that seen by the whole rotor are not identical, see Figure 2.6. At low frequencies the
wind speeds do not correlate exactly while at higher frequencies the strengths of the spectral
peaks differ. The limiting factor on the control system is the saturation of the actuator by
high frequency disturbances, (see Appendix C). Hence, if the high frequency spectral peaks
on (B, — L(B,, Maero)), in comparison to those on power error, are less prone to cause

saturation of the actuator then there would be advantage in using compliant tip control.
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Figure 7.10 Two different types of control system.

a) Power control

The system for power control is shown in Figure 7.11. Linearising the system for

power control about some operating point, as in Section C.1.1, it can be rearranged as in

Figure 7.12, where D is the power-train transfer function incorporating 67/68,.

Voo
Aerodynamics | P ¥
———B“——b Actuator A > )-,0— —+>£); C, ﬂ’
Power-train
C, is the power controller V, is the wind speed seen by the rotor

Figure 7.11 The system for power control.

SIV,

dB,

0 K1z

- SBd 8 Ba +
A Control loop

perturbations

5P

Figure 7.12 Linearised system with power control.

b) Independent tip control

D Drive-train A is the transfer function ( 38, —> 58, )

The system for independent tip control is shown in Figure 7.13. Similarly to power

control the system can be linearised as in Figure 7.14.
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Figure 7.13 The system for independent tip control.
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C is the transfer function, 8B, —> 8(B, — L(B,,Maero (¥, B,)))
B is the transfer function, §¥, —>8(B, ~ L(B,,Maero (¥, B,)))

Figure 7.14 Linearised independent tip control system.

The two control loops, 8P—> &P, are identical if the two controllers are related

AD
byC; ==—-Cy.

Since the wind speed V, is not identical to V,, independent tip control on its own
cannot maintain rated power, but requires to be combined with a co-ordinating power control
loop. Hence the power control loop is required to ensure the appropriate regulation of power
particularly at low frequency. Therefore for independent tip control the dynamics of the
control system are more complex as there are now two control actions, one acting locally at
the blade and the other acting on the total response of the drive train, which must be co-
ordinated. For a control system which combines both power control and independent tip

control the error signals should be combined as in Figure 7.15.
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where kj is a low pass filter

Figure 7.15 Combining power and independent tip control.

The low pass filter k; allows the controller to maintain rated power by allowing
(P-P,) control action at low frequencies where the wind speed seen by the tip is not the same
as the wind speed seen by the rotor. The low pass filter also allows individual blade control
to dominate at high frequency.

Whether independent tip control can be used to achieve better performance depends
solely on the high frequency noise content of 8f, and its effect on the actuator. The spectral
peaks due to rotational sampling are the most dominant of the high-frequency disturbances
affecting a wind turbine. Therefore, the main indicator of comparative performance is the
transfer function (A B)/C (which varies with wind speed).

To investigate the transfer function (A B/C), first consider the transfer function C.
Since,

oL oL

8(B, — L(B,, Maero)) =3B, (1- 0B, )= OMaero

dMaero. (7.12)

and using (7.5) it follows that

oL oL
C=A(1- -
( B, ) OMaero

(JBTpdﬁn - ]bdMapp)

where %,ﬁ, is the transfer function from &, to 6 B o 3nd Ty pgapp is the transfer function from

5B, to SMapp. However, from Figure 7.16 with ¥, equal to zero it can be seen that

T - T;
A = pdzﬂa and A —_ Bszapp
S J BS + K m2
Hence
oL , oL 2 oL )
= - -J +(Jgs® + K
¢ A(l 0B, 2% SMaero (s m2) oMaero
oMaero oL )
= —t+ K
A(l + OB, m2) OMaero

and the transfer functions C and A are equal, using (7.6) and (7.7).
Now, consider the transfer function B. From (7.5) and (7.12)
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oL oL
Iyg —~———(JpT,; - T,
aBa) Vo aMaero( By,B, VoMapp)

where Ty, p is the transfer function from 8V, to 8, T,,ﬁ is the transfer function from &V,

B=(1-

to Sﬁa and Ty pr,,, is the transfer function from 8V, to 3Mapp. However, from Figure 7.6b

it can be seen that T3 = (T, pgpp + Kim) / (Jps® +K,,p) and Ty g =T, 5 /5. It follows

B,
that
oL 5, OL 2 oL oL
B=T 1- - Jps +(Jps” +K -K
V.. 66(13& B 6Maer(o3 (/s m2) 8Maero] ™ dMaero
aero L oL
=T 1+ +K -K
ropa (1 0B, m2) aMaero) ™ dMaero

using (7.7). Hence, using (7.6).

oL

B=T,, - K
Voba ™ 6Maero

The actuator is usually designed to reject external disturbances, such as 8V, , i.e. the

actuator has a high forward path gain so that the transfer function 7;,3 has very low gain at
low frequency. An illustration of this is shown in the Bode plot for 7;,5 for the compliant

tip actuator with the feedback loop acting on tip angle in Figure 7.16. Therefore, as s tends

to zero, the transfer function B tends to the constant — K,,0L / oMaero .

Magnitude dB Phase (degree)
-50 I 90
-60 S 18
70 - \/“\\ -54
-80 LA— -126
-90 -198
2100 F—HHHH—HHHH—H-HH— e -270

001 0.1 1 10 100 1000
Frequency (rad/s)

—— Magnitude —— Phase
Figure 7.16 The Bode plot for Typ .

It was demonstrated in sub-section 7.2.2 that when close to on-design operating conditions,
the required tip angle

L(B,, Maero) = N(Maero - f(B,)) = N(v)
and thus

L _dN(v)
dMaero  dy

When on the on-design curve
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Ba = N(Maero- f(B,))
and differentiating with respect to f3,

- V() dMaero _ df (B,)
dy  dB, B,

)

But

dMaero _ OMaero N OMaero dV,
dBa aBa aI/O dBa

and 1t follows that

dN(vy) Y (aMaero N OMaero dV, _ df(Ba))
dy B, oV, dB, dB,
_dp, / J0Maero
dv, ov,

Hence, using (7.8) and (7.6)
oL K dN(y)

K dp, / OMaero _ dp,

"™ OMaero " dy "dv, oV, dv,

0

and B=—%B*

o
with the gain of the transfer function B* tending to 1 as s tends to zero.
To enable the direct comparison of power control to independent tip
Figure 7.14 can be amended to Figure 7.17 with C, substituted by C, = A D/C C,

The transfer function B* is effectively 1 for the frequency range of interest.

SIVO
KD
a7,
T
0 B"
e S o e
A Control loop
+]
5v, | _9p, Hé)
+
v, D Drive-train
L perturbations
&P

Figure 7.17

control

= DC,.



Hence independent tip control has an advantage over power control only, if the
spectral density function® of 8%, has a lower high-frequency content compared to the spectral
density function of §¥, and is therefore less likely to saturate the actuator. Figure 2.6a shows
the power spectrum of the flapping moment seen by an individual tip on a Howden
HWP330/33 machine and the power spectrum of the hub torque. (The flapping moment is
directly proportional to the aerodynamic torque (Anderson et al., 1992) while the blade is
unstalled, and hence to ¥,.) For independent tip control, the spectral density function for 8V,
has rotationally induced spectral peaks at each integer multiple of Q, as sensed by one tip

(Figure 2.6a). For power control, the spectral density function for 8¥, has similar spectral
peaks but sensed by the complete rotor. At low frequencies the contributions from each
blade strongly correlate, with the result that only the spectral peaks at integer multiples of
n(), are present in the hub torque and so in power control. Although the magnitude of each
remaining spectral peak is increased by a factor of n, the content of the spectral density
function is much reduced at low frequency since the magnitudes of the individual blade
contributions to the spectral peaks decrease rapidly as frequency increases. At higher
frequency, the correlation across the wind field decreases and the concentration of the
spectral density function for power control at every m™ peak (where m = 1, 2, 3, etc.)
decreases with the intermediate frequencies becoming stronger. However, the magnitude of
every m" peak decreases m times to Vm times that of the corresponding peaks of the spectral
density function for a single blade. Hence, if no account is taken of spatial filtering, at very
high frequencies the magnitude of the spectral density function for power control can be
5 dB greater for a three-bladed machine than the magnitude of the spectral density function
for independent tip control. Nevertheless, it is unlikely to outweigh the weaker magnitude of
the spectral density function for power control at the low and middle frequency ranges.
However, even if the 5 dB advantage is assumed for all the spectral peaks the bandwidth of
the controller can be made only slightly greater. Hence for the purpose of regulating drive-
train transient loads independent tip control has no real advantage over power control. The
control loops are subject to effectively the same level of middle- to high-frequency

disturbances.

* spectral density function - a measure of the frequency content of a function, uses of fast Fourier

transform, S(jw)xS(-jw).
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7.2.4 Robustness of independent tip control

At several points n the analysis in sub-section 7.23

(OMaero / B, + K,,;)OL / OMaero is set to zero. However, OMaero/oB, is the partial

derivative of the aerodynamic moment with respect to tip angle arising from the
aerodynamic model used in designing the independent tip. In contrast, K,,, is the actual

physical rate of change of the aerodynamic moment with respect to tip angle. The result that

C and A are equal is robust if (0Maero/ 0B, OL / OMaero + K, OL / dMaero) is not the

cancellation of two numbers large compared to one. Since

OL / OMaero =1/ (dMaero /dB, -df (B,)/dB,) and oOMaero/3B, is equal to
df (B,)/dp,, it follows that

(OMaero / 9B, OL / OMaero=df (B,)/dB, / (dMaero /dB, - df (B,)/dB,)
Since for the compliant tip on the Howden 330 kW, dMaero/dP, from Figure 7.7 varies
from 2005 to -11460, and df (3,)/dpB, from Figure 7.8, is for approximately 2292 Nm/rad
it can be seen that at small tip angles OMaero/ 0B, OL / OMaero is approximately 8, i.e.
large compared to 1. (OMaero/0B,.0L / OMaero) is a function of tip angle (see Figure

7.18) and hence shows that at tip angles 0° to 20° the compliance tip performance is
sensitive to uncertainty in K,,,. Hence, independent tip control performance may be sensitive

to uncertainty in K,,, and may lack robustness.

O -

oMaero . 0L
B,  OMaero

Il 1 1 It } i
- U 2K T T 1 T ——

0 4 8 12 16 20 24 28
Tip angle (degree)

Figure 7.18 (OMaero/ 0B ,.0L / OMaero ) as a function of tip angle for the compliant tip.

7.2.5 Assessment of independent tip control

It has been established that independent-tip-control and power-control loops are
subject to disturbances of similar strengths. In addition, just as the power controller requires
reasonable robustness margins to cater for the uncertainty in the description of the rotor

aerodynamic torque, so the independent tip controller requires reasonable robustness margins



to cater for the uncertainty in the description of the tip aerodynamic moment (see
Section 7.2.4). Hence, even when the wind speed sensed by the tip is identical to that sensed
by the complete rotor, independent tip control can have no inherent advantage over power
control. Any controller, C,, for independent tip control has a corresponding controller, C,,
for power control which achieves the same performance.

Although independent tip control has no inherent advantages over power control for
the regulation of fluctuations in drive-train torque, it might be used to actively control the
1Q, loads on the blades. To actively regulate 1Q, the gain and phase of the controller need
to be considerably increased at QQ, which is greater than the usual controller cross-over
frequency (see Appendix C). Accordingly the gain of the controller must be raised
considerably over the middle frequency range. Hence in wind speeds close to rated the
actuator activity is increased over all frequencies except Q, at which the activity is
decreased. Hence greater actuator activity would occur compared with regulating drive-train
torque fluctuations. Since the wind speed sensed by the tips differs from that sensed by the
rotor, independent tip control is not appropriate on its own but should be compared with
power control. They should be combined as in Figure 7.15. The bandwidth of k; must
significantly less than 2, because only independent tip control senses the €2, disturbance.
The performance of the control system in terms of controlling the drive-train torque
fluctuations between the bandwidth of k; to Q, is degraded since it is not done solely in
response to wind speed ¥, but a combination of ¥, and V.

A more precise interpretation of the original compliant tip concept is now possible.
The situation shown in Figure 7.19 is equivalent to power control and independent tip

control combined as in Figure 7.15:

C;D
8(P-P) —»—— 1+ DI—+
' ; }Cﬁ% —» 3B,
] a_L mM Voa a > D +
(B~ L(Bo, Maero(¥;, B.) s

Figure 7.19 Combining power control and independent tip control.

It should be noted that the power control dominates as required at frequencies below
the control cross-over frequency. The control action on the component of ¥, independent of
¥, is by the power-control loop with controller C,. The control action on the component of
¥, independent of 7, is by the independent-tip control loop with unity controller. The

control action for the component of ¥, which correlates to ¥, is equivalent to control action
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on the power control loop alone with controller (C, +1/D). The nominal closed loop system
has the sensitivity function

1 1 1
(1+(C, +1/D)DA,) (1+A,) (1+C,DA)

where A, is the open-loop actuator transfer function. The sensitivity function for power
control on its own, (1 + C, D A)", is augmented by the sensitivity function for the actuator,
(1 + A)'. Hence, the closed-loop system is dynamically well-behaved and stable.
However, the inappropriateness of the controller (C, + 1/D) is clear. The gain increases
rapidly at high frequency and the actuator would experience an increased level of high
frequency disturbances as compared to power control on its own. In addition, the system
would lack robustness, due to the high controller gain, as both the power-control loop and
the independent-tip control loop exhibit uncertainty. As for the design of controller on the
power-control loop, it is evident from the preceding that it should be the same as for power

control on its own.

7.2.6 Summary of independent tip control performance

The performance of independent tip control has been compared with that of power
control or any combination of the two. The main conclusions are follows.
1) Independent-tip control without power control. For the purpose of regulating drive-train
transient loads independent-tip control has no real advantage over power control.
i) Independent-tip control with power control. Independent tip control has the potential of
actively controlling the 1Q), loads on the blades, but greater actuator activity is experienced
than for power control. It is accompanied by a degradation in the regulation of drive-train

transient loads between the cross-over frequency of k; and Q.

7.3 Conclusions

Non-conventional aerodynamic control devices has been investigated to determine
whether any advantage accrues in comparison to conventional devices.

Although the fledge may have several advantages, such as lower associated
structural loads and high effectiveness as an overspeed brake, it does not in itself enable
better drive-train load regulation to be achieved. Similarly, although the independent tip has

the potential to regulate etc. the 1Q, loads on the blades, the conclusions are similar.



To conclude, non-conventional aerodynamic control devices (at least those
investigated) do not increase the range of dynamic behaviour in comparison to that observed

for part-span regulation in Chapter 6.
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8 Integrated Design

The previous work, in particular the results and methodology of Chapter 3,

Chapter 5 and Chapter 6, lay the foundation for the control aspects of integrated design of

wind turbines. In this chapter, these results are summarised and their usage illustrated with

respect to a full-span regulated, 1 MW wind turbine.

8.1 Summary of results

A foundation for the control aspects of integrated design approach was developed in

Chapter 3. The relevant results are summarised below.

a) Simple models of the wind turbine are determined.

e The simple model, comprising the drive-train model, Figure 3.6, together with

the generator model (3.9), adequately represents the dynamics of the power
train. It is applicable to almost all wind turbines.

The relationship of the lumped parameters of the simple model of the power
train to the physical parameters of the wind turbine are summarised by (B.83) to
(B.96).

The simple power-train model together with the linear models of aerodynamic
torque (3.5), actuator (3.8) and the power transducer (C.14) constitute a suitable

plant model for control analysis and design.

b) The salient features of the power-train dynamics are identified.

The dynamics of the power train are characterised by the frequency of the first
drive-train mode, w,, and its damping factor, 7,.
The relationship of ,, and n,; to the lumped parameters of the simple power-

train model are determined to be (3.19) and (3.21), that is,

g,=n,/w, = (I, +N2I,)/ (2N?D,) (8.1)
2

14, T(’/*;N Iy) (82)

w; X N®D,
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c) The constraints on the achievable dynamic behaviour are determined.
e Adding compliance does not of itself improve the dynamic behaviour, since
although the frequency of the first drive-train mode is decreased, thereby

reducing the nQ), load, the damping factor is also decreased.

e The damping factor can only be increased by either increasing the slip of the
generator or the inertia of the rotor and low-speed shaft; it does not depend on
damping on either of the low- or high-speed shafts.

e It is reasonably straightforward to design for a specific frequency for the first
drive-train mode by changing the compliance of the drive train; it is, however,
not straightforward to design for a specific amount of damping factor.

It is clear from the above that the constraints on the achievable dynamic behaviour of the
power train are quite strong, in particular, those affecting the damping factor of the first
drive-train mode.

Using the above results, the dependence of the controller performance on the
configuration of the wind turbine can be determined. This second step was completed for
conventional full-span and part-span regulated wind turbines. The effectiveness of power
control was determined for a variety of full-span and tip-regulated wind turbines and has
been assessed for a range of wind speeds, first drive-train mode and controller cross-over
frequencies in Chapters 5 and 6. The range of performance is surprisingly large. Although
the damping of the first drive-train mode is assumed ideal, the methodology can be applied
to configurations with different damping.

The relevant results from Chapter 5 and 6 are summarised below.

e Performance is strongly related to controller activity at low controller cross-over
frequencies.

o Except for low frequency, increasing the controller cross-over frequency requires
a disproportionate increase in the rating of the actuator.

e There is a limiting controller cross-over frequency, (roughly 2 rad/s) beyond
which any improvement in performance is small.

e Performance is weakly related to rotor angular velocity and the intensity of the
transient loads at nQQ,.

e The performance of the three-bladed full-span machines is significantly better (by
an order of magnitude) than that of two-bladed full-span machines for all but the
lowest drive-train modes and controller cross-over frequencies, see Chapter 5.

e The performance of the three-bladed tip-regulated machines is significantly better

(by an order of magnitude) than that of two-bladed tip-regulated machines in a
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high wind speed site, see Chapter 6. However, in low wind speed sites the
performance of tip-regulated machines varies little with the number of blades.

 The performance of two-bladed machines can be improved greatly by reducing the
frequency of the first drive-train mode.

* Three-bladed machines are insensitive to the first drive-train mode frequency.

e Tip-regulated, three-bladed machines perform better than two-bladed machines.

» The worst behaved machines are two-bladed with full-span control devices.

e The best behaved machines are three-bladed with tip control devices.

The above results hold quite generally.

8.2 An illustrative example

The previous work is now illustrated with respect to a full-span regulated, | MW
wind turbine. The following characteristics have been selected

e three blades;

e blade edge-wise frequency of approximately 5Q;

o stiff power-train dynamics with first drive-train mode frequency of

approximately 4Q);

e high slip generator with a slip of approximately 1.5%;

e dual mode control algorithm.

The reason for the selection is summarised below.

The pre-determined machine parameters are listed in Table 8.1. With these
parameters, the ratio g; in (8.1) is approximately 0.03 (with a generator slip of 1%).
Unfortunately this is very small and the ideal damping factor of 0.7 can only be achieved if
the first drive-train frequency is very large, namely 23 rad/s. Assuming that a ratio of 0.05
could be achieved by increasing the slip of the generator to, say, 1.5%, a similar parametric
study to that described in Appendix C is undertaken. Table 8.2 lists the partial derivatives of
aerodynamic torque with respect to wind speed and pitch angle. The spectral peak at n€2,1s
modclled with a3r = 0.15 and b3r = 4000. The actuator is assumed have a bandwidth of
2.5 rad/s.



Machine parameter

Gearbox ratio 40.91

Grid frequency 50 Hz
Rotor inertia 870000 kgm®
Rotor radius 25m

Rotor angular velocity 2.56 rad/s
Gearbox and generator efficiency 95%
Slip 0.6%->15%

Table 8.1 Machine parameters.

Wind speed Pitch angle k, k,
(m/s) ®) kNm/(m/s) kNm/(°)
13.5 m/s 4.47 61.1784 -13.7764
16 12.11 69.0644 -45.9266
20 19.77 82.5905 -54.3194
23 24.24 79.8829 -46.9918

Table 8.2 Aerodynamic derivatives.

The standard deviations of gearbox torque, actuator acceleration and velocity are
calculated, with two drive-train dampings, (i) 0.7 and (ii) 0.05w,, for controller cross-over
frequencies 0.5 to 4 rad/s and first drive-train modes 1Q, to 5Q, The standard deviation of
the gearbox torque is plotted against actuator acceleration and velocity for each of the
damping factors in Figures 8.1 and 8.2. As would be expected from the results of Chapter 5,
the standard deviation of gearbox torque increases with wind speed and the actuator
acceleration increases with controller cross-over frequency. The actuator velocity, on the
other hand, decreases initially before increasing at high controller cross-over frequencies.
The standard deviation of gearbox torque obtained with ideal drive-train damping is almost
always lower than those for the machine being investigated. The difference decreases as the
first drive-train mode and the controller cross-over frequency increases, see Tables C.6 and
C.7. On a typical commercial machine, the first drive-train mode is approximately 1.5Q,
when a controller cross-over frequency of 1.5 to 2 rad/s can be obtained. In these
circumstances and at high wind speeds, the standard deviation of torque fluctuations on the
machine under investigation is considerably more than those with ideal damping. However,
to increase the damping ratio to 0.7 would require either rotor inertia or generator slip to be

increased by a factor of six - not a very practical solution.
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Figure 8.1 The standard deviation of gearbox torque versa actuator acceleration.
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Figure 8.2 The standard deviation of gearbox torque versa actuator velocity.
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It can be deduced that the controller cross-over frequency should be as high as
possible and that a very high first drive-train mode is desirable, so that the demanded
actuator activity is minimised. In other words, the machine is required to be as stiff as
possible, for example by having no low-speed shaft, a very stiff high-speed shaft and the
gearbox mounting must have little compliance. The generator must have high slip. To
achieve a drive-train frequency of about 4Q2, the edge-wise frequency of the blades must at
least 5€2, or greater. The concept of having a very high first drive-train mode frequency
exploits the low intensity of 3Q, on a three-bladed machine as compared to that of 2Q, on a
two-bladed machine.

The actuator activity is at its highest at 13.5 m/s, see Tables C.8 and C.9. For a wind
turbine with a high first drive-train mode frequency, a controller cross-over frequency of up
to 2 rad/s could be obtained while maintaining a standard deviation limit of 5.7 °/s* for
actuator acceleration and 2 °/s for actuator velocity. However, for wind speeds of 16 m/s
and above, a higher cross-over frequency of between 3 to 3.5 rad/s is possible. Hence a
‘dual mode’ controller is required; that is, a controller with a low cross-over frequency at

low wind speeds which switches to a higher cross-over frequency in wind speeds above, for

example, 16 m/s.

Wind speed Drive-train transfer function
(m/s)
12.83 _ 5.176€9(s” +0.1255 +17.283)(s? +0.2395 +19.476)(s” +3.127s +177.156)
' (s? +0.1415+17.153)(s +0.2355 +19.470)(s? +10.5545+101.678)
(s +3.0785+175.654)(s> +2.339s+ 5374.208)(s2 + 0.09619s + 406608)
20,1 _ 5.0299(s® +0.1255 +17.283)(s> +0.2215+19.469)(s* +3.089s +182.376)
‘ (s? +0.1435 +17.164)(s? + 0.2165 + 19.463)(s? +10.5745 +99.560)
(s +2.7465+196.223)(s? +2.4545 + 5068.193)(s? +0.09613s + 405399)
270 _ 4.830€9(s> +0.1255 +17.283)(s” +0.2085 +19.465)(s +3.038s +189.969)
' (s +0.1455+17.176)(s> +0.200s + 19.458)(s> +10.590s + 98.635)
(52 425625 +221.027)(s? +2.625s + 4715.028)(s* +0.09607s + 404027)

Table 8.3 Drive-train transfer function for a variety of wind speeds.

Using the full linear model described in Section B.5.2, the transfer function of the
drive-train dynamics for various wind speeds are listed in Table 8.3 and the corresponding
Bode plots are shown in Figure 8.3. The drive-train transfer function varies little with the
wind speed. The peak at frequencies near 12 rad/s is due to the flap-wise dynamics and the
dip at approximately 4 rad/s is due to the tower dynamics. The second sharp peak at 70 rad/s
is due to the generator and the third at 650 rad/s is due to the gear-train dynamics. The first
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drive-train mode, clearly seen at 10 rad/s, is well damped (damping factor 0.52) as required.
The corresponding transfer functions from pitch angle to load torque for various wind speeds
are listed in Table 8.4 and the corresponding Bode plots are shown in Figure 8.4. In this
case, the dependence of the transfer functions on wind speed is very strong at just above
rated wind speeds with non-minimum phase behaviour due to the tower dynamics which
causes a rapid loss of phase at about 4 rad/s. Fortunately, the non-minimum behaviour is
absent at higher wind speeds and the tower dynamics become minimum phase for wind
speeds above 16 m/s, thereby reducing the difficulty of the controller design task. The
known actuator capability is such that a maximum pitch rate of only 7.1°/s, which would
approximately correspond to a standard deviation of 1.4 °/s instead of the 2 °/s assumed
earlier, can be achieved. Hence, the controller crossover frequency is further restricted in

low wind speeds.
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Figure 8.3 Bode plot of the drive-train transfer function for a variety of wind speeds.

A full design study was undertaken by the collaborating wind turbine manufacturer
with the drive-train characteristics based on the above analysis. The proposed characteristics
were shown to be feasible. Furthermore, the requirement of a stiff drive train somewhat

simplified the design.
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Figure 8.4 Bode plot of the transfer function from pitch angle (°) to load torque (Nm).

A dual mode controller is designed to attain a controller cross-over frequency of
1 rad/s for wind speeds below 16 m/s and a controller cross-over frequency of 2 rad/s for
wind speeds above 16 m/s. (The design and implementation of the dual mode controller is
described in Appendix C). The performance of the wind turbine with and without a
controller is investigated by using a non-linear simulation model based on the equations
described in Chapter 3 (with an infinite low-speed shaft stiffness). An example of the
behaviour of the machine with power control is shown in Figure 8.5 for a mean wind speed
of 19 m/s. It can be seen from the time traces of actuator velocity that the actuator pitch rate
limit is reached occasionally, but the performance of the controller does not markedly
degrade. Statistics for above-rated operation of the wind turbine for a variety of wind
speeds, in Table 8.5, indicate that the machine is very well behaved for its size and the
limitations of its actuator capability. (In high wind speeds, where the performance is worst,
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the wind turbulence levels would rarely reach 20 % in practise). Commercial full-span
regulated 1 MW machines are known to have to be shutdown in high wind speeds, 20 m/s

due to the power output reaching twice rated power.

Wind speed (m/s) Transfer function from pitch angle (°) to load torque (Nm)

2.140e13(s® +0.125s + 17.283)(s” — 0.4165+ 21.014)(s? — 21.267s + 164.190)
(s? +0.141s +17.153)(s? + 0.2355 + 19.470)(s> + 10.554s + 101.678)
(57 +3.078s +175.654)(s” + 2.3395 + 5374.208)(s> + 0.09619s + 406608)
4.171e13(s% +0.125s +17.283)(s® - 0.1035+19.658)(s % — 10.704s + 250.766)
(s +0.1415+17.154)(s? +0.2335+19.470)(s> +10.5825+ 101.441)
(5 +2.9995+176.546)(s? +2.3375+5367.076)(s> + 0.09619s + 406580)
8.093e13(s% +0.1255+17.283)(s2 +0.0690s +19.463)(s> — 4.2265 +370.415)
(s2 +0.1425+17.158)(s2 + 0.225s +19.467)(s* +10.598s + 100.533)
(5% +2.8435+183.708)(s2 +2.3735+5261.571)(s2 +0.09617s +406161)
1.128e14(s? +0.1255+17.283)(s2 +0.103s +19.452)(s> — 2.2855 +430.859)
(s2 +0.1435+17.164)(s? +0.2165+ 19.463)(s> +10.574s + 99.560)
(52 +2.7465 +196.223)(s? +2.4545 + 5068.193)(s% + 0.09613s + 405399)
1.616e14(s? +0.125s +17.283)(s% +0.115s + 19.450)(s% — 1.389s + 463.195)

(5% +0.1455+17.176)(s +0.200s +19.458)(s* +10.590s + 98.635)
(52 +2.5625+221027)(s? +2.625s +4715.028)(s? +0.09607s + 404027)

12.83

13.22

16.00

20.1

27.0

Table 8.4 Transfer function from pitch angle to load torque for a variety of wind speeds.

Point wind speed (m/s)

Power (kW)
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Figure 8.5 Machine performance in a mean wind speed of 19 m/s.
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Power (kW)
Mean wind speed, Mean Standard | Maximum | Minimum
turbulence intensity deviation
13 m/s, 10 % 953.068 93.529 1142.877 588.195
16 nvs, 10 % 996.297 60.297 1204.183 789.434
19 m/s, 10 % 998.097 62.068 1197.010 800.838
22 m/s, 10 % 998.077 70.505 1234.626 772.883
25 m/s, 10 % 997.776 78.498 1256.054 742.677
13 /s, 15 % 934.744 | 133.455 1193.384 427.060
16 m/s, 15 % 986.397 86.639 1251.863 480.224
19 m/s, 15 % 994.835 80.511 1267.354 732.916
22 mJs, 15 % 996.301 93.516 1307.319 719.318
25m/s, 15 % 995.907 | 107.047 1367.019 666.897
13 m/s, 20 % 936.062 136.119 1229.679 388.309
16 m/s, 20 % 970.050 | 125.289 1288.714 229.065
19 m/s, 20 % 986.978 | 119.456 1484.602 373.785
22 m/s, 20 % 990.251 127.071 1445.275 567.004
25 m/s, 20 % 993.218 | 138.974 1488.705 570.889

Actuator velocity (m/s)

Mean wind speed, Mean Standard | Maximum | Minimum

turbulence intensity deviation
13 m/s, 10 % -.0000365| .01715 06621 -.06595
16 m/s, 10 % -.0000556 | .01139 06491 -.04324
19 m/s, 10 % -.0000753| .01108 .04432 -.04572
22 m/s, 10 % -.0000928 [ .01001 03278 -.03655
25 m/s, 10 % -.0000991 | .00913 .03019 -.03250
13 m/s, 15 % -.0000519{ .01084 06437 -.04579
16 m/s, 15 % -.0000875| .01368 06962 -.05124
19 m/s, 15 % -.000109 .01387 06969 -.04895
22 mJ/s, 15 % -.000143 01373 06455 -.04725
25m/s, 15 % -.000143 .01281 .04500 -.04238
13 m/s, 20 % -.0000642| .01249 06591 -.04979
16 m/s, 20 % -.000113 .01602 .06963 -.05812
19 m/s, 20 % -.000142 01731 06997 -.05920
22 mJ/s, 20 % -.000183 01792 06993 -.05885
25 m/s, 20 % -.000176 .01698 06482 -.05216

(Actuator velocity maximum = +/-0.07 m/s which is equivalent to 7.1°.)

Table 8.5 Statistics for above rated operation of the wind turbine.
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9 Conclusions

The foundations for the control aspects of integrated design, as summarised in
Chapter 8, are now laid. Appropriate models of the dynamics are determined which
represent all the important characteristics of the system. The relationship of the model
parameters to the physical parameters of the wind turbine are derived. These models are
used to determine the dependence of the controller performance on the wind turbine
configuration; that is, on the number of blades (two or three), the type of active regulation
(full-span or tip), the frequency of the first drive-train mode, and the controller cross-over
frequency. The range of performance possible is surprisingly large but enough information
is obtained to identify those configurations which enable the best controller performance to
be achieved. These results and methodologies are illustrated by applying them to the design
of a full-span regulated, ] MW wind turbine. The controller performance for the resulting
design is very acceptable.

Other results stemming from the work presented here, which are relevant to
controller design, are the following

e the widely used simple two-mode model of the dynamics of the power train is

rigorously derived.

e the power-train dynamics are characterised by the frequency and damping factor

of the first drive-train mode.

o there is little potential benefit to be gained from optimising the design of the

controller.

e controller performance for full-span regulated machines can be improved by

increasing the controller cross-over frequency with wind speed.

¢ conventional modifications to the drive train cannot improve its damping.

e compliantly mounting the generator can improve the damping of the power

train.

e the spectral loads at nQ, can be counteracted by compliantly mounting the

generator.

139



¢ torque control of variable speed wind turbines can be improve the damping of
the drive train.

o the best controller performance is attained by a three-bladed tip-regulated wind
turbine because the ratio of the aerodynamic torque partial derivatives with
respect to pitch angle and to wind speed is smaller than those of the other
machine configurations and the size of the spectral loads is smaller on the three-
bladed machines compared to two-bladed ones.

e the worst controller performance is attained by a two-bladed full-span regulated
wind turbine because the ratio of the aerodynamic torque derivatives with
respect to pitch angle and wind speed is larger than those of the other machine
configurations and the size of the spectral loads is larger on the two-bladed
machines compared to three-bladed ones.

e the controller performance of the fledge device appears to be similar to that of
the conventional tip.

e the power performance of a tip-regulated machine is not improved by
independent-tip regulation.

The above results apply to almost all configurations of wind turbine.
The first steps towards integrated design have been taken. Aspects other than power

controller performance need to be explored.
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10 Further work

This chapter describes some possible areas for further work.

a) The
as follows.
i)

control aspects of integrated design could be explored further in a variety of ways

The performance of medium- and large-scale machines could be compared. This
would require typical actuator accelerations and velocities for both
electromechanical and hydraulic actuators for both scales of machine.

More comprehensive comparisons between the performance of full-span and tip-
regulated wind turbines could be made if the increase in actuator capability for
tip-regulated machines due to the lower movable inertia were taken into account.
The same approach would allow a better comparison of the performance of the
fledge device to that of the tip.

A more comprehensive investigation of the performance of the fledge could be
undertaken if aerodynamic behaviour in wind speeds just above rated were better
understood and the design implications of such a device were tested in the field.
The motion of the compliantly mounted generator in Chapter 4 was assumed to
be unacceptable. However, investigations into what is acceptable motion of the
generator and whether the control system design could take account of that could
be considered, while still maintaining the benefits of increasing the damping

factor of the first drive-train mode or decreasing the quantity of nQQ,.

b) Various other aspects of integrated design could also be investigated, as follows.

i)

For the most part constant--speed machines have been considered here. The
investigation could be expanded to include variable-speed machines. The use of
torque control to increase the damping of the first drive-train mode on a very
lightweight flexible variable-speed machine at one operating point was

considered in Chapter 4. This work could be expanded to design a controller or
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iii)

set of controllers suitable for controlling the drive-train resonance over the whole
operating range.

It is known that good power control performance produces low levels of power
flicker. The way in which power flicker varies with machine configuration could
be investigated. Since power flicker only occurs at around one frequency, the
modification to the generator mounting considered in Chapter 4 could be
investigated to see if the amount of power flicker could be reduced, if it is a
problem on a particular machine.

The fatigue aspects of integrated design could be considered, as could the way in
which the configuration of a machine affects the fatigue of various components.
Any limitations on machine configuration due to unacceptable fatigue could be

taken into account in the control design.
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Appendix A Modelling of wind speed

A.1 Introduction

The objective of the models of wind speed adopted throughout this work, is to
reshape the power spectrum of turbulence as seen from a fixed observation point (Frandsen,
1988) to represent either the effective wind speed averaged over the whole rotor disc or that
experienced by an individual tip and the remaining part of the blade. The power spectrum of
turbulence seen at a point can be modelled by the von Karman spectrum. There are major
discrepancies between the power spectrum of turbulence seen at a point and the typical
spectrum of hub torque seen on a wind turbine. There is a depletion of power in the mid-
frequency range due to disc averaging and there are peaks of power concentrated around Q,
and nQ, The peak at Q, is sharp and hence is primarily deterministic. It is primarily the
result of blade mismatch. The peak at nQ2, on the other hand is stochastic. It is primarily
due to rotational sampling of the uneven wind field (Kristensen and Frandsen, 1982; Dragt,
1984). On a two-bladed machine with a teetered hub the 2€2, is enhanced, (Grol et al,,
1990). The actual redistribution of energy depends on the amount of turbulence and the
rotor size.

Since the turbulent nature of the wind is a source of fatigue (c.f Section 2.4.1),
appropriate modelling of the interaction of the wind speed and rotor is obviously needed for
simulation and control design. The simulation model must represent all the wind and rotor
characteristics relevant to the turbine dynamics. The model used in the parametric study and
control design must be simple and represent only the dominant features in relation to
power/load regulation. A summary of wind speed models described in the literature is given
by Leithead et al. (1991a). Simple models of wind speed are required as they decrease the
computational time required and increases clarity of analysis.

Two wind speed models are used in this thesis. The first model is for the wind speed
experienced by the whole rotor. Reardon (1991) derived suitable parameters for a hub height
of 30 m. This hub height corresponds to that of a medium-scale machine but not that of a

large-scale machine. Hence suitable parameters for the same model and methodology are



derived for a hub height of 50 m. The second model is for the correlated wind speeds
experienced by a tip and the remaining part of the blade (Leithead, 1992). Both models are

driven by point wind speed’, the modelling of which is described first.

A.2 Modelling the spectrum of wind speed measured at a point

This section reviews the derivation of an effective wind speed representing the
averaging of the wind speed over the rotor disc. The effective wind model is intended to
represent only the low-frequency turbulent component of the wind field. It is not intended to
represent the deterministic components such as tower shadow and wind shear. Nor is it
intended to represent the high-frequency spectral peaks due to rotational sampling of the
wind field. The very low-frequency components may be considered to be uniform over the
rotor disc. Hence they constitute a quasi-static mean wind speed which varies slowly over a
time-scale of the order of a few minutes. The derivation of the effective wind speed model
need cater only for the perturbations in the wind field about this quasi-static mean wind
speed.

The standard deviation of the point wind speed, V, at height 4 is given by Madsen
and Frandsen (1984) as

Vv

Y " nh/z,) (A1)

where z, is a measure of the roughness of the terrain. The effect of the roughness of the

terrain on the turbulence intensity is suggested by Connell (1988) to be in the range 0.08 to
0.5 depending on the complexity of the terrain and a range of atmospheric conditions.
Turbulence intensity is defined as
I=cylV (A.2)

Reardon (1991) selected a turbulence intensity of 0.2 for a fictitious 300 kW wind turbine
with hub height 30 m and a terrain surface roughness of 0.2. The resulting wind model is
used for all the 300 kW machines investigated in this study. However, the large-scale
machines have a more realistic hub height of 50 m. Therefore assuming that all the
machines have the same terrain surface roughness, the low-frequency intensity of the wind

speed would be less than that found on 300 kW machines.

' The wind speed sensed at a fixed (non-rotating) point, e.g. the wind speed measured by a small

anemometer, is called a point wind speed.



There are numerous models for representing the power spectrum of turbulent wind
speed relative to an average wind speed. Leithead e al. (1991a) selected the von Karman

spectrum of the form (Frandsen, 1988)

171
Sy(w)=0.475q2 LV )

VUt (L ) (A.3)

The spectrum is centred on the average wind speed, ¥, with a standard deviation of & yand a

turbulent length scale, L. The turbulent length scale can be thought of as the size, or length,
of typical eddies in the wind field. According to Frandsen (1988) measurements of L vary
by a factor of at least 3 to 5, since the physics of turbulence is not understood. Madsen and
Frandsen (1984) suggest that as an approximation the length scale may be taken as

L=6.5h (A.4)
where £ is the observation height of the spectrum. Madsen and Frandsen (1984) have also
suggested that L may be as low as . This would imply that the spectrum is broader
compared to that for L = 6.5h. The point wind spectrum obtained from data obtained on the
Howden HWP55/1000 machine (Leithead er al., 1991a) and the Howden HWP33/330
(Wilkie and Leithead, 1989) verify that a multiple of 6.5 is reasonable.

Using L = 6.5h, (A.3) is approximated by a Dryden’ spectrum as this is easily
modelled by a first-order differential equation driven by white noise, (A.5).

v=—av+bo,, oF=1 (A.5)
where v denotes the turbulent wind speed. The parameters a, and b, are selected to achieve
the correct power spectrum characteristics for a range of wind speeds when o, is unity, and
then scaled such that the turbulence is correct. The results for hub heights of 30 m and 50 m
are presented in Table A.1. White noise filtered by the first-order transfer function

b/(sta,) (A.6)
approximates the turbulence at a point.

As shown in Figure 2.6, the resulting torque seen at low frequency by the rotor has
the same spectrum as that at a point. However, since there is a discrepancy in the mid-
frequency range a spatial filter is introduced to represent averaging over the rotor disc.
When only the interaction with the wind speed of the complete rotor is required, for instance
to model the total hub torque, a single spatial filter as described in the next section is

adequate. When separate representation for the interaction of a main blade and a tip with the

\4

————z—where K, and T, are constants depending on the surface
1+ (oT,)

? Dryden spectrum - S, (®) =

roughness and the turbulence intensity.
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wind speed is required, as in the case of the compliant tip (described in Chapter 7), separate

spatial filters of the form described in sub-section A.4 are appropriate.

Wind
speed| 11 12 13 14 15 16 17 18 19 20 21 22 23
(m/s)
al| 30 |.063|.068 |.074 |.080|.086].092 | .097 | .103 | .108 | .114 | .119 | .125 | .131
b| 30 |.781|.885|1.00(1.12)11.24 137 | 1.50 | 1.63 | 1.77 | 1.91 [ 2.05 | 2.2 | 2.35
a,| 50 |.041].045|.048 |{.052[.056] .060 | .063 | .067 | .071 | .075 | .078 | .081 | .086
b,| 50 |.570].652].729 | .818 |.909 [1.004]1.09311.193]1.297(1.403(1.502]1.604|1.728

Table A.1 Parameters for modelling a point wind speed by a first-order filter.

A.3 Modelling the wind speed experienced by the whole rotor

A spatial filter described by Madsen and Frandsen (1984) and used by Leithead et al.
(1991a) in control analysis and simulation studies is used in this work to model the disc
averaging effect on the total hub torque. The power spectrum of the hub torque (Madsen and
Frandsen, 1984) is

S(©) = k2R*n%S, (0)D(x) (A.7)
where

3 2 +x?
2+cx?)(1+x2/¢c,)

d(x) (A.8)

S,(w) is the power spectrum of wind speed measured at a point

c, is a constant = 0.55

Y, is the decay constant = 1.3

x=y,RIV.0

k is a normalising constant.
Equation (A.8) can be spectrally factorised to obtain a transfer function to represent the
spatial filtering of the rotor as

1+ Tys) : (A9)

(1+ T,s)(1 + Tys)
where T,=K/s/_2_ ; T2=T,\[c: ; T3=K/\[c_s ;and K=y,RIV

The spectral peaks seen on the rotor torque are modelled as additional torque

G(s) =

components and are described in Section 3.1.3.
The validity of this approach to modelling the drop in the power in the mid-

frequency range of the rotor torque by the spatial filter is obvious from Figure A.1 which
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(1+x /6)

Sio =S
0= 5,(® )(1+x /0.5)(1+ x% /12)(1 + x* /100) (A.10)
The spectrum for the effective wind speed over the inner swept disc is
(1+x%/6)
Sy=S, (0
%5, )(1+x2/0.8)(1+x2/17) (A1)
The spectrum for the effective wind speed over the outer annulus is
1+x2/10
S00% $,(®) ) (A12)

(1+x2/0.6)(1+ x> / 50)
In all the above relationships, (A.10), (A.11) and (A.12), x=vR, / V.0 = Ao .

Using spectral factorisation the effective wind speeds for the inner blade and tip can
be expressed respectively as

LS4 s(4s + 2.45)(Ays + 2.79)(Ays +7.79)
" (A5 +0.707)(Ays + 0.894)(Ays + 3 464)(Ays + 4.123)(Ays + 10)

10(A4;s + 2.45) (A.13)
(/lls +0.707)(A;s + 3.464)(A;s + 10)
1.734,s(4s% +3. 9445 +4.942)(A;s +9.14)
° (/lls +0.707)(A4;s + 0.775)(A;s +3.464)(A;s + 7.071)(4;s + 10) (A.18)

10(A;s + 2.45)
(/lls 1 0.707)(Ays + 3.464) (s +10) 2

where v,, v, and v; are independent point wind speeds. Although derived for torque, these
effective wind speeds can be used to estimate the blade bending moments as those also vary
with hub distance and the tip pitching moment since their dependence on hub distance for
the tip forces is weak (Anderson, 1991). In addition, since the majority of the wind field
spectrum is at a comparable or lower frequency than that of rotation, the same model may be
used to estimate the effective torque for the complete rotor.

The effective wind speed model is depicted in Figure A.3. It is expected (Leithead,
1992) that the model should be a good approximation up to 1Q2,, Robb and Leithead (1998)

have validated similarly derived filters for large tip sizes which are good approximations

beyond 1Q, Time series for ¥, and V, are depicted in Figure A.3.
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Figure A.3 Simulated wind speeds for the tip and inner rotor.

A.5 Modelling of loads on individual blades

The loads seen by an individual blade are different from those seen at the hub
because of the cancellation of some of the blade loads due to symmetry. When considering
independent tip control as in Chapter 7, the loads seen on an individual blade due to wind
shear and tower shadow also require to be modelled. Anderson and Campbell (1992)
provide the following models for the effects of wind shear and tower shadow which are seen
in the wind sensed by the tip.

The wind shear factor, fshear, can be expressed as

fshear =(1+r, / hcos(Bg))° (A.15)

where
r, is the radius of the mid point of the tip

h is the hub height

c is the wind shear exponent = 0.2

O is angle of rotation of the blade.

The tower shadow factor, ftower, is expressed as

2 2 .2 2
1.0- Tiwr L 2SN ORe o g <32
=4 2 .2 2 2 -2 2,2 ° R (A.16)
Stower (r,"sin“ @g +2z°) (r"sin” G +2z°) :
1.0 : otherwise

where
zz is the distance from rotor plane to tower

r... is the radius of the tower.



Appendix B Power-train dynamics

The overall dynamic behaviour and hence the performance of a wind turbine is the
result of a combination of the structural dynamics and those of the drive train, the generator
and, when appropriate, the control system. A dynamically well-behaved machine requires
the drive-train dynamics to complement in some sense the other wind turbine dynamics. In
this appendix, equations of motion of the power train are derived for pitch-regulated
machines as described in more detail by Leithead and Rogers (1995b). Although they are a
composite of many dynamic modes of the tower, blades, hub, low-speed shaft, gearbox,
gear-train, high-speed shaft and generator rotor, the power-train dynamics can be represented

by a simple model.

B.1 Introduction

There are two separate aspects to the dynamics of a wind turbine. The first is the
structural dynamics which are concerned with the motion of the blades, tower, efc. They
influence the transient loads on the structure of the wind turbine and, thereby, its fatigue life.
The second is the dynamics of the drive train, which influence the transient loads on the
drive-train components, such as the gearbox, and the control system when the turbine is pitch
regulated.

Poor drive-train dynamics and their consequences are well exemplified by the
deterioration in dynamic behaviour which arises when a medium/high slip induction
generator is replaced by a low-slip induction generator or even by a synchronous generator
with no further modification of the drive train (Johnson and Smith, 1976, Hinrichsen, 1984).
However, the relationship of the dynamic characteristics of the drive train to the dynamic
attributes of the drive-train components, the generator and the rotor is obscured by the
number of contributing factors.

Models of the drive-train dynamics are derived below which are well-suited to (i) the
purpose of control system analysis and design, and (i1) the analysis of the relationship of the
dynamic properties of the drive train to its physical parameters. (Clearly, in this context, the

models need to be linear with the emphasis on the low frequency dynamics). For the former



case, exploiting the ability of the controller to accommodate any discrepancies, a simple
model, applicable to particular configurations of wind turbine, is most approprate. For the
latter case, although a simple model is again the most appropriate, it must be derived with
greater rigour and be applicable to all configurations of wind turbine under consideration
since the drive-train dynamics can be affected by changes to the physical parameters, as
investigated in Chapter 3.

Although, the drive-train dynamics of a wind turbine are a composite of many
dynamic modes, they can be represented by a simple model which approximates very closely
to the drive-train dynamics for almost all the wind turbine configurations under
consideration. Firstly, in Section B.2, the equations of motion of the rotor blades, the hub
and the low-speed shaft are determined together with their simplest possible representation.
Secondly, in Section B.3, the equations of motion of the gearbox, including compliant
coupling to the tower, are determined together with their simplest possible representation.
Thirdly, in Section B.4, the equations of motion of the high-speed shaft and generator rotor
are determined and the simplest possible representation of the combined drive-train

dynamics is derived. The analysis presented is a sub-set of that of Leithead and Rogers
(1995b).

B.2 Rotor

The analysis which follows of the rotor minus the hub assumes that the rotor has

three blades. The analysis is, however, also applicable to a rotor with two blades.

B.2.1 Equations of motion of rotor

Each blade of the rotor has two dominant structural modes in the directions of the
principal axes of the blade, one edge-wise and one flap-wise, which contribute to the low-
frequency drive-train dynamics. The plane of the edge-wise mode is slightly skewed to the
pitch plane of the blade and the plane of the flap-wise mode is perpendicular to the plane of
the edge-wise mode. When all three blades are oscillating in phase at the same frequency the
dominant edge-wise (flap-wise) mode is essentially the edge-wise (flap-wise) mode of an
individual blade. Hence the rotor can be modelled by a single blade. For the edge-wise
mode, the inertia of the single blade representation of the rotor may be approximated by the
inertia, about the axis of the low-speed shaft, of the complete rotor. The stiffness is that
required for the frequency to be the same as the edge-wise natural frequency of a blade in an
inertial reference frame. The radius of gyration for the flap-wise mode of a blade is

approximately the same as the radius of gyration for the edge-wise mode of a blade. Hence,



for the flap-wise mode, the inertia of the single blade representation of the rotor may again
be approximated by the inertia of the complete rotor, and the stiffness is that required for the
frequency to be the same as the flap-wise natural frequency of a blade in an inertial reference
frame.

The net effect of the side-to-side motion of the tower on the rotor aerodynamic
forces is negligible. The tip speed of the blades higher than the hub is increased (decreased)
by the motion of the tower head, but the tip speed of the blades lower than the hub is
decreased (increased) by a compensating amount. In addition, displacement in the plane of
the rotor of the blades due to the dominant rotor normal mode does not induce motion,
relative to the tower head, of the centre of mass of the rotor. Hence there is no need to
include dynamics of the side-to-side motion of the tower in the analysis. In contrast, the
fore-and-aft motion of the tower affects the rotor aerodynamics forces and induces motion,
relative to the tower head, of the centre of mass of the rotor. Hence, the fore-and-aft motion
of the tower couples directly to the rotor and so the analysis must include the dynamics of
that motion.

in-plane angular displacement
of the centre of mass of the blade

38 out-of-plane angular displacement
of the centre of mass of the blade

6, angular displacement of hub

¢, fore-and-aft angular displacement
of the hub

o angle of pitch of the blade
Figure B.1 Single blade and low-speed shaft viewed axially along blade.

The single blade model of the rotor is depicted in Figure B.1. The Lagrangian for

the system is

Yy
€R=JBR AT s

o7 i Kg ko Yein Q12
+JC¢R¢T“2—[(9R‘9H)COSB (6 —¢r)sinf]

2 2 2

KF : 2 KT¢% +F 9 +F B 1
_T[(GR—GH)SmB+(¢R_¢T)COSB] 3 +Drér +F0g + Fr9r  (B.1)

JQ? JQ?2

_ ° (0., -6 2 Y340 _ 2
> 6z -64) > (¢r —¢r)
where J is the inertia of the rotor, K; and K are the edge-wise and flap-wise stiffnesses of

the single blade, F, and F, are the in-plane and out-of-plane aerodynamic torques on the

blade and Q, is the nominal angular velocity of the rotor. The last two terms in (B.1)
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represent the centrifugal stiffening of the rotor. The dominant fore-and-aft structural mode

of the tower is included in (B.1). J; is the total moment of inertia of the complete wind

turbine about its base with all components capable of independent motion treated as point
masses. J- is the tower/rotor cross-coupling inertia J- = MhR~, where M is the mass of the
rotor, A is the hub height of the rotor and R is the horizontal distance from the hub to the

centre of mass of a blade. K is the stiffness of the tower required for the frequency to be
that of the fore-and-aft structural mode of the tower and D is the fore-and-aft damping
force. Dy is a function of ¢, with Dy =-Bré; and (F, /v?) and (F, /v?) are in general
functions of the tip/speed ratio, A, with

A=RQ/v; v=(w-hb;-Ldg); Q=6,
where R is the radius of the rotor, w is the wind speed and L is such that Ld) g 1s the mean

velocity of the blade relative to the wind speed. The angle B is that between the plane of the
edge-wise mode of a blade and the plane of the rotor.
It follows from (B.1) that the equations of motion for the rotor are
JéR =—(Kg + JQ;)[(GR - eH)‘fOSB —(dg —¢7)sinf] cosf (B.2)
—(Kp +JJQ)(Br —0y)sinB+(dg —dr)cosP] sinp+ F,
1-JE1JJp) o
A2 JeTIT0) i = (kp +J02)(Ok -0 )coB ~ ($x - 67)sinp] sinp
(I+Jc/Jr)
~(Kp +JQU)(B —04)sinB + (¢4 — 1) cosp] cosp (B.3)

J J
HF, —7C—DT +7C—Kr¢r]/(1+Jc I Jr)
T T

1-J&1JJ . i i
((1+3c /J;) Jrbr = ~(Kg +JQ)[(Bg ~8y)cosP — (g ~ ¢7)sinp] sinp

HKp +JQ2)(Bg —0y)sinB+(dg — d7)cosP] cosp (B.4)
+[DT - KT¢T —JTCFZ]/(HJC /J)

The torque transmitted to the hub, T}, is

Ty = (Kg +JQ)(Og ~By)cosP - (94 —dr)sinp] cosp (B.5)
HKp +JQ,)(0g —04)sinB+ (¢ —¢r)cosP] sinf

Since the inertia of the rotor is very much less than the inertia of the complete turbine, the
dynamics of the tower can be ignored and the dynamics of the rotor can be approximated by
the equations

5 6 -0 F,lJ

Or =A(B){( : ”)H ! ] (B.6)

O dr F,1J

with
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AB) = _[(wi- cos? B+a)f.— sin? B - (mfg —(D‘,".—)sin Bcosf (B.7)

— (0% —0%)sinBcosp (0% sin® B+ wZ cos? B)
and
A=RQ/Iv; v=w—-Lbg; Q=0p; 0f = (K +JQ2)/J; 0% = (Kp +JQ2)J
(B.8)
The hub torque, T}, is approximated by

Ty = Jor[(Bz — 6, )cosP — g sinB]cosp +

5 _ (B.9)
Jor[(0gp —04)sinB+ ¢, cosP]sinP
B.2.2 Linearisation of rotor dynamics
The equations (B.6) to (B.9) can be linearised about an equilibrium point
6R = Qot+eRo; 9H = Qot; ¢R = ¢Ro; w=Ww,
as follows
[eRo] _AT®) [F,(x,,,w,, ]z _AB) (2w 2 a0 (B.10)
¢Ro J FZ(A‘O’WO) J lwoai+_1_90%
2 "ow 2 7 0Q
and
A, = RQ,
w

The two cases of tip and full-span regulation are considered separately.

Tip regulation
The angle B is equal to the coning angle, Bz, between the plane of the pitch of a
blade and the plane of its edge-wise mode which is fixed and small, i.e. cosp = 1 and
sinff ~ 0. The aerodynamic torques are dependent on the pitch angle, o, A and v. On
linearising (B.6) to (B.9) such that
Op=Q,t +0p, +ABg; Oy =Qt+A8y; dp=0p, + Mg ;

B.11
w=w, +Aw;, a=0a, t+Aa ®.1D
the equations of motion become

oF oF
(sz—s%giumg) (sL%/J) A0, Wk TG'WL/J 3’—/1 A8y
= a Aw

oF oF [A J oF oF
22 (LTl v o) %=1 | o S210 SEiT | aa
(B.12)
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It follows that the rotor dynamics can be represented by the model depicted in Figure B.2

where
Kp=Jol (B.13)
oF,
coE(s +s(L=—2/J)+w )
Gr(s) = T
r(5) oF oF oF
(s’ =s(Z /N Fep)s’ rsr 22 ol Nrep) st (2L o | L)
(B.14)
and
oF oF,
AT, =Ty (S)EIAW +T, (s)ax‘—Aa (B.15)
Both T(s) and T(s) are discussed in Section B.2.4.
K (s) - <— A8

R T %y
+ - I
A 7:4 GR (s) — —» ATH

Figure B.2 Dynamics of rotor relating ATy, to AT,

Since both the flap-wise and edge-wise modes are lightly damped, the term

, OF,
oQ

by which AT}, is related to AT,, G(s), can be approximated by

sPH(=L/JINL=2% o / J) in the denominator of (B.14) is small and so the transfer function,

mz
Gr(s) = £ (B.16)
(s® ( /J)+ wz)

In addition, the transfer function, by which AT}, is related to K; A6,

(5% =52 ’/J»(2+(L 2/J)+ o) +s2 (%2 ”)(L?sfv'””

Gr(s)-1=
oF, F aF OF
(s? -S(EB—/J)+ 2)(s? +s(L—672/J)+ 2)+s5%( 2/J)(L5;’/J)
(B.17)
can be approximated by
(s? —s( ) aF
Gr(s)-1=- z—GR(s)(sz—s(E’/J))/wzg (B.18)

oF
(s —s(—ég—;/f)mé)

Hence the model of the rotor dynamics has the standard form of Figure B.3 with
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Jp=J (B.19)

oF,

B, =——1
R 50 (B.20)

and with K, defined by (B.13).

+ 1
AT, __ _— |t
4 ) Kg k—» AT,
+ .
3 Jgs Bps AD, ‘

Figure B.3 Canonical form of dynamics of the rotor.

Full-span regulation
The angle B varies with pitch angle such that
B=B, +o~a (B.21)
On linearising (B.6) to (B.9) with (B.21) and
Opr=Qut +8p, + A0g ; 0y =Qt+ A8y ; bp =bp, +Abg; w=w, +Aw (B.22)

the equations of motion become

F
(s® —S(Z%/J+mi~ cos® a,, (sLa—l/J
W ~
+o%sin’a,) —(0F -0%)sina, cosa,) Aekj|
F.
—s%%/] (s? +sL%/J+co%sin2 a, |80
i —(m% —oof.-)sinao cosa, ) +cofpcos2 o,) |
oF
(0% cos® OLO+(02Fsin2 a,) —L1/J Fi lJ AOy
- gw Aw (B.23)
~(0% -0%)sina, cosa, ?Wz-/J Fyo 1] Aa
where
oF oF
Fiq = Za +(Q;E :F)[( +ooF)sma cosa, (w, —L +Qo—5§—; (B.24)
(O] F .
: , , oF, , an
+ ((oEcos a, - 0= sin®a,)(w, )]
F. 2 -} , oF, oF
Fyq = o —(mEz wZF)[(coi-smza m%cos a,)(w, éui Qoal
oo 2020 F (B.25)
2 2\ oF, oF,
+ (0% ToF)sina, cosa,(w, —=+Q, )]

The rotor dynamics can again be represented by the model depicted in Figure B.2 where

Kp=J(wicos’a, +wrsin’a,) (B.26)

B-7



and

2 4 .2
o, twgsin®a,)

2 a, +oai- sin’ ao){(mZE cos

[s2 ((02— cos

2

2 :
L(w‘; cos ao+wzpsm2ao)—2/J
ow

2 . oF
Hog —u)zF)smao cosa,, 6;’/J}

+ 5

2

. oF,
—(mZE—wzF)smaocosao{(ooZEcos o, +(Dpsm a )—85 J

2 2. OF,
+(w%s —0%)sina, cosa, —/J

2 2 2

+mi—wi~(wi~cos a, +co%.—sin2a )]/ (cofE cos” o, +coi~sin a,)

Gr(s) =
F,
[{s® - s(cos® a Z—Q/J+Lsma cosa, ai/J

: F oF,
—Lsmzao—gwi/J—sma cosa —GE/J)+ ok}
F,
{s? — s(sin’ a %Q—/J Lsina, cosa, ai/J
oF : oF
—Lc032ao——z/J+smaocosao—2~/J)+mi~}
ow oQ

F
—sz{(coszaoa—l/J-l-LsinaacosaogF—l/J
n - (B.27)
— Lsin®>a, —2/J-sina, cosa, —=/ J).
ow oQ2

OF :
(sin? o, —GEI/J— Lsina, cosa, ——/ J

F. F.
— Lcos? aoa—z/J+sinao cosaO?—i/J)
Fi g%y %2y

+ L(
oQ

il

As before, Ty(s) and T,(s) are again discussed in Section B.2.4. As in the tip regulation case,
the additional s? term in the denominator of (B.27) is small and can be neglected. Hence, the
transfer function, by which AT}, is related to AT,, G, can be approximated by

0F

Gp(s)= (B.28)

F : OF,
{s? +s(-cos’ a, _5(_;/J_ Lsino., cosa., —/J

oF,
+ Lsin’ a, ai/J+smon cosa —/J)+0)E}
ow oQ

with the discrepancy between (B.28) and (B.27) small and local to oz. In addition, the

transfer function, by which AT}, is related to Kz A6,
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15t - s M+ s 521 )
oF +ac;‘Ecoi~ /((o%;cos
82 (oo L
5 (aQ IX )

2 a, +mi— sin’ a,)}

GR(S)—I—
F,
[{s? - s(cos? a a55/.]+Lsmm cosa, ai/J

. 2 ) oF
—Lsma;ojavz/J—smaocosa,,a—Qz—/J)+sz}.
2 .2 1 . oF
{s* —s(sin aOB—Q—/a.;—Lsmaocosao?wl—a;J
2 .
—Lcosa:O—a—:)—/J+smaocosao552/1)+o)§.-}
— 5% {(cos? ao—I/J+Lsinaocosaoaﬂ/J
239 oF, 3WaF (B.29)
~ Lsin®?a, —%/J -sina, cosa, —=/ J).
oF ow ° aQ
(sin’ o, —a;i / J - Lsina, cosa.,, gFi/J
F
— Lcos’ a, —2/J +sina, cosa, —=/ J)

aF’/J.aFZ/J—aFZ/J

0.
el Ly oy

" ow

can be approximated by

[s? - s(aﬂ 1)

Gr(s) - 1=~
[s +s(—cos o, —ail.] Lsina, cosa, QE—IJ

° 30 ow (B.30)

: OF i oF, 2
+ Lsin® aa—gwi/J+smao cosao—a—Q—/.})+mE]

OF,
=-G 2_ -—1/ /(D2
r(S)(s® —s( 20 J)/og
Since  both (——Z%/J)<<(;)Lr and (-cos’a %%/J Lsina,cosa, aai’)/.]

+Lsin’ a, %%/ J +sina, cosa,, %%— / J) << @ g , the rotor dynamics can be modelled by

the standard form of Figure B.3 with

Jp =J(@icos’a, +oisin’a,)/ of (B.31)
Other than at very low frequencies, good agreement between the dynamics depicted in
Figures B.2 and B.3 is obtained with |

OF, . OF . oF, .
By =[-cos2 o, -5(—;-— Lsina, cosa, —L + Lsin*a, —3—+smoto cosa, ] (B.32)

)
(0% cos’ a, +oisin’a,)/ 0%
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since GR(s) - 1=~ Gy (s)s2 /(oi- and (B.32) is the appropriate damping factor for Gg(s)

when approximated by (B.28). At very low frequencies, good agreement is obtained with
oF,

Bp = 2 cos
R="— (0f

since G(s) =1 and (B.33) is the appropriate damping factor for (B.30).

20, tozsina,)/ 0} (B.33)

The contribution of the rotor to the drive-train dynamics is the relationship of A6
to ATy which, for all three types of regulation, may be modelled by Figure B.3; that is, an
inertia with damping attached to the hub by a massless spring. Any discrepancy in
comparison to the original model, (B.2) to (B.5), is local to the natural frequency of the

tower, wp, and the edge-wise and flap-wise natural frequencies of the blade, o, and w,

respectively.

This model of the rotor dynamics is linear. In addition, the dynamics of the low-
speed shaft, hub and the remaining drive-train components are essentially linear. There is,
therefore, no need to distinguish between variables and their increments. Hence, the
dynamic variables themselves are employed in the remainder of this appendix except when
otherwise indicated.

The simplified linear equations of motion for the rotor are

JpBp==Bpbr +T, Ty ; Ty=Kr(®z —0) (B.34)

B.2.3 Equations of motion of the hub

The analysis of the rotor dynamics including the hub must also account for the low-
speed shaft. Since the inertia of the low-speed shaft is very much less than the inertia of
either the hub or the first stage of the gearbox, the low-speed shaft may be considered
massless with appropriate fractions of its inertia allocated to the inertia of the hub and to the
inertia of the first stage of the gearbox. When the low-speed shaft is uniform, the allocation
to each is half the inertia of the low-speed shaft. The system is depicted in Figure B.4. The

only significant damping is that of the rotor.

y O T, Oy » Oy I, 8,
> [ ‘\J \L ‘K] ] ——1 ‘\1 \1 ‘\]‘\T
/ o K, VAR N
Jp.By Ty Jy T,
Rotor Hub

Figure B.4 The rotor, hub and low-speed shaft.



The equations of motion for the hub are
JuOy =Ty -T, ; T=Ky(04-6),) (B.35)
The block diagram representation of the rotor and hub dynamics is that shown in

Figure B.5a which is equivalent to Figure B.5b where

G,(s)=KgrKy / D(s) (B.36)
and

Gy(s)=KylJyJgs* +JyBps® +(Jy +Jg)Kgs® + ByKgs]/ D(s) (B.37)
The denominator of (B.36) and (B.37), D(s), is
D(s)=[JyJgs* +JyBgs® +(Kg +Ky)Jg + KxJy)s® +(Kg + Ky )Brs + KKy ]
which has the two dynamic mode form

D(s)=JyJgls® +o;s+B,1s* +a,s+B,] (B.38)
When determining 3, and B,, it is permissible to set B, to zero since the damping is much

too small to noticeably shift the roots of (B.38). It follows that

C(Kr(Ig + I+ Kydg) — pyl + 4J5K, K3 1 (Kp + Kp)2u?)
2y

B,

where

o = a(Kp + Kp)® + JyKp(Kp = Ky)]
(Kr + Ky)

Provided K / Ky <<1 or Ky / Kz <<1 or Jy / Jp <<1 then B, can be approximated as

KKy
8w IR K tKy) (Ju ! Jr) KKy I (Kg + Ky)*
: i+ Jy K} 1+(Jy I JR)Kr(Kr —Kp) ! (Kg + Ky)?
Jr (Kg +Ky)?
KpKy /n Ju Kj
Jr(Kg +Kp) Jr (Kg +Ky)?

This approximation is exact in the limits as K, and/or Kj; tend to infinity. Similarly,

(Kp(Ug +I) +Kydg) + w1 + 4J5Ku K3 [ (Kg + K)*0?)

& 2y
LY +KH)[1 . Ju Kx
Ju Jr (Kg +KH)2

The damping coefficients, a, and a,, are
J K3
a, ~—2/[1 + K R )
JR Jr (Kg+Ky)




By Jy Kp Ju K}

a, = . /{1 +
2 JR IR (Kg+Ky)? J g (KR+KH)2]

The damping ratio of the second factor in (B.38) is

n2=0; /2B, = ng(Jy 1 Jp)"* (Kg I (Kg + Ky )™ (B.39)
where

Mg = Bp/2{KpJg
is the damping factor of the rotor. It follows that n, is very much less than one and the

second factor in (B.38) has an effect on the phase only local to the frequency [312/2. Also the
ratio of the squares of the two frequencies
Jy KpKy

Jr (Kg +Ky)®

B,/B, = (B.40)

is small. Because of the significant separation between the two frequencies, as indicated by
(B.40), and the low level of damping of the higher frequency, as indicated by (B.39), and
because of the presence of further compliance in the drive train sufficient to roll-off the gain
to less than 0 dB, the contribution of the second factor in D(s) to the backward path drive-
train dynamics relating 7, to 0,, is not significant. However, because the rate of roll-off is
partially determined by it, its contribution to the forward path relating 7, to T,, remains

significant. Hence, D(s) may be approximated by
D(s)=JyJgls® +a,;s+B,]B; (B.41)
provided the factor (s2 +a,s+0,)/B, is absorbed within Ty(s) and T,(s). Hence,

KHS [S+BR /(‘]R +JH)] [S2+0.3S+B3]

G ~
2 B,ls* +a,;s+P,]

(B.42)

with

oy = BpJy/Jp(Jp+Jy) 5 B3 = Kp(UptJy)/ Itk (B.43)
The damping factor for the quadratic term in the numerator of (B.42) is

ny=a3 /2B = e/ Ty + )™ (B.44)
Since the damping factor of the rotor, 1y, and so the damping term, B, are small, damping
terms of the order of (BgJ},; /J;) may be considered negligible compared to other sources of

damping in the drive train. It follows that an equivalent representation of the rotor and hub

dynamics is that of Figure B.5c where



Ky

* J K *
JR:JR(]+ H R ),JH=JH—-
Jrp (Kp +*Ky) Kp+Ky
KoK K J (B.43)
Br=Bg ; K, B 1+ . )

=(KR+KH) (Kp +Ky)? Jg
The conditions under which (B.45) is valid are the same as pertain to the factorisation
(B.38).

Hence the rotor can be interpreted as a single compliant blade attached by a massless
shaft to the hub which in turn is attached rigidly to the gearbox. The inertia of the hub, J ;, ,

can thus be added to that of the first stage of the gearbox.

- 1 0 0 { - 0 P
r P ,%R ol e e e T
— 2 >
A JRS + BRS KR TH I8 {\/ KH - 1

- 01
a)
I, —— Gy ><% — T,
I
- G(s) [+ 8
b)
_g 1 O%
T * 2 x T
4 J;s2+ B;s ) K, t%—> !
* 2
JHS
L <— 9,
c)

Figure B.5 The dynamics of the rotor, hub and low-speed shaft.

B.2.4 Aerodynamic/rotor interaction

Although the aerodynamic/rotor interaction, represented by (B.15), is external to the
drive-train dynamics it is nevertheless required for control design and e.g. the parameteric

studies described in Chapters 5 and 6. The dynamics relating T, to wind speed and pitch
angle, modified by the inclusion of B, /(s +a ,S+PB,), are considered separately for tip

and full-span regulation.



Tip regulation

The dynamics relating T, to wind speed and a can be represented by (B.15) with

2 2
T, (s) = (" + 0F) P, (B.46)

oF
{s* + s(Lﬁ/J) + 05 Hs? +o,s+B,)

and
[s2§F_1+ L(ﬂ(ﬁ&/ __aFZQPi/J + 2 OF)
o oa ow o ow ') T OF 5P
T,(s) = °F < > (B.47)
{52 + S(L—21J) + oF s> +a,s+B,) —
Bw J) F}{ 2 ﬁz} 0.
Full-span

The dynamics relating 7,(s) to wind speed and pitch angle can be represented by
(B.15) with

2 2 oF;

o, tog sin’

[s2 {(cofE cos o,)

(0% —w})sinao cosa,, —a—j}

aFZQF_’/J_aﬂfL/J)+ 2 2 %,

0w g
ow 0Q) ow o0Q ow
OF),

e

).

+s(0x —~w?%)sina, cosa,

2, +tok sin? a,)/

B

(m% CcOS

Ty (s) =
2 a, +m‘,‘.~ sin’ o,)

2

[s? (0)‘}5 oS
oF,

L(w% cos® a, +tox sin’ ao){(m% cos’ a,, +o sin? aa)-GT/J

oF
+(0% —0%)sina, cosa, EWL/J}
+s
: . oF
—(sz —mi—)smao cosao{(wZE cos? a, +wi~ sin? “0)35”

. F
+(sz —w%)sina, cosa, E—Q’—/J}

\

+w%w§.~(wi— cos’

0P +(o§.~sin2 ao)]-(sz +a,5+0;) (B.48)
and

To(s) = ToAs) + ToAs) | (B.49)
with



2

2402 : :
[s*{(0% cos’ a, +w% sin’ ao)F,a—(co%;—(oZF)smao cosa, Fy, }

oF
+s{L((oi- cos? a, +mf¢ sin’ o, )(Fiq —i/J—FZQ %/J)
_ oF oF
- (0325 —m2F)51nao cosa, (Fiq a—(i/J_an EQL/J)}

OF,
oo

2

2,2 ‘
+0)Eu)FF,u]((ozEcos ao+wf¢sm2 a,) /

B,
Tal(s) =

2

[s? (m% cos” a, +0)7p sin’ a,)

2 2

2 . : oF
L(w% cos ao+coi~sm2ao){(cozEcos o, +®% sin? o,)—=/J

. oF
+(0)25 —m%;)smao cosa,, E’/ J}

2

: . oF
—(0)25 —(of:)smao cosao{(a)zE cos” a, +0)i" sin? ao)a_z/J

2 2 I
\ +(0% o),c)smonocosonoa / J}

+ mi-coi-(sz cos?

o, + % sin? a,)] . (s2 to,s+B,) (B.50)

OF,
Bz(l-F/u/—a')
(0

T.,(s) = (B.51)

(s* +a,5+PB,) Gg(s)
At low frequency the magnitudes of T,(s) and Ty(s) are one except locally around

the tower frequency, w;, and the blade flap frequency, ®r. However, the gain of T,(s)
increases rapidly between the blade edge frequency, w;, and the hub frequency, B}?, for

full-span regulation. Nevertheless, this increase in gain is not significant. Although actuator
position and so generated power is not directly affected to any great extent by medium- to
high-frequency disturbances in the control signal, 1/s roll-off of the controller (see
Appendix C) associated with pitch motion, provides insufficient actuator protection
(Leithead et al., 1991a, 1992b). To prevent degradation of power controller performance by
actuator velocity or acceleration saturation, 1/s> roll-off, which is also sufficient to counteract
the increasing gain of 7,(s), is required (Leithead et al., 1991a, 1992b). In addition, since it
occurs at high frequency, the increase in gain of T,(s) does not impact significantly on the
controller design. Hence both Ty(s) and 7,(s) can be assumed to be one, because the
crossover frequency of the controller is considerably less than wy, oz and @y, and because
the significant deviations occur at high frequency where in modelling the structural
dynamics and aerodynamics considerable simplification has already been made; that is
(B.15) becomes

T, = oF, Ao+
oa.

o, Aw (B.52)
ow




B.3 Gearbox

This analysis of the gearbox assumes, without loss of generality, that it has three

stages.

B.3.1 Equations of motion of gearbox

When the gearbox is rigidly mounted, the equations of motion are

JsO,=T, +NT, ; 6,=N9, (B.53)
where Jg is the inertia of the gear-train reflected to the low-speed shaft. The gearbox ratio,

N, is positive when the output shaft rotates in the same direction as the input shaft and

negative when the opposite is the case. The block diagram representation of the dynamics is

that shown in Figure B.6.
N
T, —» s2J0,= T;+ NT,«—T, O {?' 2 [ %
— [ N
0, < 8,=N9, —>92_ s*Js s2Js
noe—tol L b,

2
5" Jg

Figure B.6 Block diagram representation of rigidly mounted gearbox.

Now consider the case when the gearbox is mounted on a compliant suspension as
depicted in Figure B.7. The side-to-side motion of the tower induces motion, relative to the
tower head, of the centre of mass of the gearbox so the analysis must include the dynamics
of that motion. Other than the angular displacement, 6, of the tower, the dynamics relate to
three angular displacements, 0,, 6, and O;;. However, there are only two degree of

freedom since

92 = N9,—(N - l) BGB (B.54)
T %z 1,9
] 2 2 JGG JGS
J 7= JGS JSS

Torques T and 7, are positive when acting on the gearbox

Figure B.7 Gearbox system.
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The detailed arrangement of the gear-train is shown schematically in Figure B.8. The same
sign convention as applies to the gearbox ratio, N, applies to the gearing ratios, N » Nyand N
and

N=N,N;N; (B.55)

Dg; %
DGI=—BGT1'9.1
(6G2-868) = N1(6,=668)  Dg,=-Bgr,0.,
(863-968) = N;(66,-068) Dg;=-Bgr;0¢;
(GZ_GGB) = N3(903 "eGB) DG4 =_BGT492

D¢,

Figure B.8 Schematic arrangement of gear train.

The Lagrangian for the system is

1 . . RS .
Log = EJGGHZGB - Js91096p +5Jss‘9f +'2'J7027 +JxOrb8cp

1 1
- 5 Kas (065 = 01)" ~ = Kb + 116, + Ty(N 6, = (N =1) 6gz) (B.56)
+ Drbr + Dgpbgp + Dgri0) + Dgra9cs
The inertia of the gear-train reflected to the low-speed shaft, Js, is
Jg=J; +N2J, + NIN2J, + NIN2N2J,
and the elements of the gearbox inertia matrix, J, are
= Jgg + (N\=12J, + (N\N, -1)*J; + (N;N,N; -1)*J,
Jss = Jg

Jgp is the inertia of the complete gearbox with the components of the gear-train treated as

Q”
Q
|

point masses and Jy is the tower /gearbox cross-coupling inertia

Jx=MgghRcp
where M, is the total mass of the gearbox and its attachments. Rgp is the distance from the

axis of rotation of the gearbox to the centre of mass. Damping losses in the gear-train are

represented by Dgy, and Dgr, with
Dgry =-Bg/8; - NBg;0,
and

Dgrz = (N =1)Bg0, — Bg305
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where

N,(N-N;) N,N,(N-N,N,)
Ber, + Bgrs
(N-1) (N-1)

N, (N, -1 N N,(N N, -1)
=28 )p +B
NV -1 o7 NV - 1) 613 + Bory
(Nl—l)(N‘Nl)B (N;N, -1)(N-N,N,)
N GT2 ~ N Bgrs

Dgj is the gearbox mounting damping force with

Bg,=Bgr +

G2

Bg3=-

Dgp = ~Bggfgp
and Dy is the tower side-to-side damping force with

Dy = —B;6r
The tower is assumed symmetrical such that the inertia, damping and stiffness are the same
for fore-and-aft motion and side-to-side motion. However, the frequencies of the side-to-

side and fore-and-aft natural modes of the tower are split by the differing cross-coupling to

the rotor and drive train.
It follows from (B.56) that the equations of motion for the gearbox are

Jss8) = Jgs0Gs = T; + NT, + D¢y, (B.58)

Jog (=% 171966085 = Jasbs = ~Kan(1+ T 1 71)0ca ~07)+ Kr 07 g o
~(N-DT; + Dgp + Dgr; —~Jx / JrDr
Jr(1=JGs ! Jagdss —Ix | JrJ6g) 07 = ~Kga(+J x | J g6 ~ Js 1 J 66T 55 XOr —O6a)
~Kr(1-Jgs / JgaJss Br +(N =D x / J6.T;
~JxJos !/ Jg6Iss- (T} + N T)
~Jx / J66(Dgp + Dgrz)+(1-J&s / J6J 55 )Dr

-JxJgs ! JeJIss-Deri
(B.60)

B.3.2 Simplification of gearbox dynamics
Ignoring the direct damping of the tower through D; and indirect damping through

DGB) Dan and Dan, all of which are Small,

~Jog s (2T x | Jgp — 0%5)

Or = (7, 1J7)
" aedss — JEsXS +0} +obalog | Jr)s® +0dy /(1= Jos [ JssJoo))
+ Jog((N-1)Jgg = NlgsNs°J x | Jgp — 0 gGg) Ty 1 J7)
(JooJss = Jas)s? +0F +0kpdee | JrXs? +oky I (1= Jis / JssT66))
(B.61)
where
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2 _ )
o7 = Kr/lJr ; ogs = Kga/Je
Since the inertia of the gearbox is very much less than the inertia of the turbine as a

whole, i.e. J/Jr<< 1 and Jy/Jr<< 1, it follows that the contribution of 7, and T, to

(B.59) via 67 is negligible. Hence the dynamics of the gearbox can be approximated by the

equations
Jss8, — JgsBgs = Ty + NT + Dgry . (B.62)
= T, + NT, - B9, - NBg,9, '
J66968 — J6s8, =—Kgs096s — (N = DTy + Dgry + Dgg (B.63)

=-KgpO6p — (N =Ty +(N — 1)B,0, — B30 65 — BgaOs

The damping terms B 19, and B;,0, can be interpreted as amendments to the input torques

to the gearbox, T, and T,, respectively, and so need not be considered further here. The

damping terms BGléla Bczéz and BG3GGB are all small but the damping term BGBGGB may
be large.

From (B.54), (B.62) and (B.63) the dynamic relationships of 6, and 6, to T, and T,

arc

- (JgGs® +(Bgs + Bgp)s + Kgp) T,
| =
S [(JssIgg = J&s)s® + Jss(Bgs + Bgg)s + JssKgp] (B.64)
[(NJGG — (N —1)Jgs)s® + N(Bgs + Bgg)s + NKesl .

T,
s*[(Jss oG — J&s)s* + Jss(Bgs + Bgg)s+ JssKgp]

(NJgg = (N =1)Jgs)s* + N(Bg; +BGB)S+NKGB)

s [(JSSJGG ~ Jés)s? + Jgs(Bgs +BGB)S+JSSKGB] )
v JGG—2N(N DJgs +(N = Jgs)s® + N* (Bgs + Bap)s + N Kep

>
P [(UssJgg — J&s)s* + Jss(Bgs + Bgp)s + JssKa]

922

(B.65)

Hence the gearbox dynamics can be represented by the model depicted in Figure B.9 where

Jss[(Jgg — J&s ! Jss)s® +(Bg; + Bgg)s + Kgg ]

Jis = (B.66)
[(Jgg = (N =1)/ NJgs)s* +(Bg; + Bgg)s+ Kgp]
N-1)/NJ
1/ Kgg, = 3 (2 V'V Jgs (B.67)
[(VssIg6—JGs)s" +Jss(Bgs+Bgg)s+JssKgp)
N-12Jc~N(N-1)J
1/Kgg, = (VD) Js =NV -1)J 5] (B.68)

[(JssJ =I5 )8 +Js5(Bg3+Bgp)s+Jss K]
It should be noted that

(N-1)2J s ~N(N-1)J gg = (N=1) [(N;N,N;=1)J,+N](N,N;=1)J,+N] N3 (N;-1)J;]



which is clearly always positive. Comparing Figure B.9 to Figure B.6, the compliantly

mounted gearbox is equivalent to a rigidly mounted gearbox with Js replaced by J;S and

with additional input compliance, 1/K;;, and additional output compliance, 1/K;p,.

N
e —_— .
$ ?' ? s s
1 1
K 2p*
GBI SJSS
bt (@
Tl —p > — o
s JSS

Figure B.9 Dynamics of compliantly mounted gearbox.

There are two cases of compliant gearbox mounting to be considered. In the first
case, the rotor is supported by bearings independent of the gearbox when only the gearbox
case and drive-train components contribute to J;z. J;; is much less than the inertia of the

rotor. Since the gearbox stiffness, Kz, must sustain the rotor, the gearbox frequency, wgpg,

is high and the poles and zeros of J;S, which may be significantly different, are at high
frequency. In the second case, the rotor-is supported by bearings integral to the gearbox
when the rotor contributes to J;5. J;; increases as the distance between the axis of rotation
of the gearbox and that of the rotor increases. However, although it can be significantly
greater than the previous case, J; is still significantly less than the inertia of the rotor since
the rotor is treated as a point mass when included in J;;. The frequencies of the poles and

zeros reduce as the inertia Jg; increases, but they also become closer as both
(Yoo —Jés / Jgs) and (Jgo—(N-1)/N.J ;5 ) in (B.66) become increasingly dominated by
Jge- Hence in both cases J;S is essentially equal to Jg.

Since Kz must sustain the rotor and J;; is less than the inertia of the rotor, the
frequency wgp is not low. Nevertheless the poles of 1/K;5; and 1/K;g, can influence the
low-frequency dynamics. External damping to the gearbox, Dgg,, may be introduced not
only to reduce gearbox oscillations but also in an attempt to increase the damping of the
dominant dynamic modes of the drive train. In the latter case, the damping required is so
great that the frequencies of the poles of 1/K;5; and also 1/K;5, become distinct with one at
low frequency and the other at high frequency. Hence, the expressions (B.67) and (B.68) for

I/K g, and 1/K 5, respectively cannot be simplified at this stage.
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B.4 Drive train

The drive train consists of the rotor, hub, low-speed shaft, compliantly mounted
gearbox, high-speed shaft and generator rotor. The simplified equations of motion, brought
forward from Section B.2, for the rotor, hub and low-speed shaft are

JROr =TT, ; T, = K/ (6 - 6)) (B.69)
Those for the gearbox, from Section B.3, are depicted in Figure B.9 with J;S, K;p; and

Kp, defined by (B.66), (B.67) and (B.68) respectively. The inertia of the hub, Jy, 1s

included in Jgg and so in Jgg since, as inferred in Section B.2, the hub may be considered to

be rigidly attached to the gearbox, i.e.

Jgs = Jg+Jy (B.70)

B.4.1 Equations of motion of generator rotor

Since the inertia of the high-speed shaft is very much less than that of either the
generator rotor or the gear train reflected to the high-speed shaft, the high-speed shaft may
be considered massless with appropriate fractions of its inertia allocated to those of the
generator rotor and to the inertia of the final stage of the gearbox. When the high-speed
shaft is uniform, the allocation to each is half the inertia of the high-speed shaft. The system
is as depicted in Figure B.10. Damping has not been included explicitly in (B.69), but it may
be considered to be present implicitly through the inertia terms. As noted in Section B.3,
two of the gearbox damping terms, B0, and B ,0,, can be interpreted as modifications to
the torques 7, and T,. Because the low-speed and high-speed shafts are relatively stiff and
considered massless, the difference in angular velocity between the two ends of the shafts is

small. It follows that, as these damping terms are light, they may be transferred to J ; and

Je, respectively. Any discrepancy occurs at high frequency and so can be ignored. Hence
damping from the gearbox together with the rotor aerodynamic damping, B;G r»> and any
losses from low-speed shaft bearings are incorporated within J;éR; damping from the
gearbox and any losses from the high-speed shaft bearings are incorporated within J GéG;
and the third gearbox damping term, B,85, and the gearbox mounting damping, B:50s

are incorporated into J;;055-
The equations of motion for the generator rotor and high-speed shaft are
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Torques T, and T  act on the inertias J; " and J; respectively.
Torques T, and T, act on the gearbox.

Figure B.10 General drive-train system.

B.4.2 Simplification of drive-train dynamics

Exploiting the equivalence of a compliantly mounted gearbox to a rigidly mounted
gearbox (see Section B.3), the dynamics of the complete drive train in Figure B.10 can be
represented as in Figure B.11a. The two stiffnesses of the low-speed shaft can be combined
as can the two stiffnesses on the high-speed shaft. The dynamics simplify to those of
Figure B.11b, with

N S S S S (B.72)
KI Kl KGBI KZ KZ KGBZ

3

As discussed in Leithead and Rogers (1995b), the dynamic model of the drive train in
Figure B.11b can be reduced to that in Figure B.11c, with

(K[ +N*K3) | (Jgs$)

L(s)= _ . s B.73
=17 (K +N?K)) 1 (Jiss?) (B.73)
From (B.66), (B.67), (B.68) and (B.72),
(K, + N’K;) (K, +N’K,) [(Jgo —(N ~1)/ N.Jg5)s* + Kyl
J s Jss [(Joo = Jis ! Jgs)s* +(Kgg + (N =1)/ N.J g5 | Jg5.K})]

[(Jog = Jas | Jss) s* + (Kgg + (N =1)* / N k)]
[(Joo —Jas ! Jss) 82+ (Kgg + (N =12/ N* =(N=1)/ NJ g5 | Jss )N .K,)]
(B.74)
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Figure B.11 Equivalent forms for the drive-train dynamics.

For all mediunm/large scale wind turbines, L(s) is essentially one. First, note that the

frequency J(K ,+N2K,)/ Jg is not low, since both the shaft stiffness, K; and NK,, and

indeed the gearbox stiffness, Kz, must sustain the rotor and Jgg is much less than the rotor

inertia. When the rotor is supported by bearings independently of the gearbox, the

frequencies of the poles and zeros of (K, + N2K,)/ Jg are very high. Hence in this case
(K; +N%K;)/ J is equal to (K, + N*K,)/ J atall but very high frequencies and L(s) is
essentially one. When the rotor bearings are incorporated into the gearbox, the frequencies
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of poles and zeros of (K, + N’K,)/ Jg are reduced. Though not at low frequency, the
poles and zeros of (K;+N’K;)/Jg may no longer be at very high frequency.

Nevertheless L(s) is still essentially one, since (K,+ NK 2)/ Jg is large and, by simple

root locus arguments, the poles of L(s), not at high frequency, migrate to be close to the
zeros of L(s), which are not at high frequency. The lower the frequencies, the closer the
poles and zeros become. Perturbations of L(s) due to small residual mismatches between
these poles and zeros are kept small by the damping inevitably present in the drive train. It
follows that the dynamics of the drive train can be modelled as in Figure B.11d with

. K . K
L =Jp+——LxJ ; L=J.+——21__J: .
1 R K,+N2K2 S5 2 G K,+N2K2' S§ (B.75)
and
N* N?Z 1 N-1*J
Y, A (V=17 (B.76)

K K, K, [(JSSJGG_J(Z?S)SZ+JS.S’KGB]

As has already been noted in Section B.3, J;s is essentially the same as Jg. The

ratio of stiffnesses

*

Ky K [UsJoa=Jos)s" +JIsKep+ (N =1)/NJ 5K,
(K; +N°K3) (K, +N°K,) ((UssIo6 = J6s)s” + JssKap + (N =1)* 1 N2 Jgx]

(B.77)

When the rotor is supported by bearings independent of the gearbox the poles and zeros of
(B.76) are at high frequency and are not significant. When the bearings are incorporated into
the gearbox, the frequencies of the poles and zeros are reduced. Depending on the values of

the inertias and stiffnesses in (B.77), the poles and zeros might remain sufficiently different
to induce significant dynamics at low frequency in K,/(K; + N’K;) and so in I,
However, these dynamics can be neglected as the drive train is coupled to an induction
generator. The generator torque, T, is strongly related to the angular velocity of the
generator rotor, éG, see Appendix D. I, is enclosed in a strong feedback loop and, by simple
root locus arguments, the poles of I, migrate to be close to the zeros of I,. The lower the

frequency, the closer the poles and zeros become. Hence,

K, [JssKgs +(N-1)/N.JgK,]
(K, +N*K,) [JssKgg + (N -1)* 1 N> .J K]

(B.78)

12 zJG+‘,SS

The ratio of stiffnesses is
K, K (UssIo = J&s)s’ +IssKgp + (N =1)* s~ N(N - D)Jg5)K) ]
(K] +N*K3) (K, +N*K;) [(Jss oG - Jas)s® +JssKgp +(N =1)? I N2 Jgen]
(B.79)
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As above, the poles and zeros in (B.79) might remain sufficiently different to induce
significant dynamics at low frequency in K, /(K] + N’K;) and so in I,. But again these
can be discounted by a root locus argument. In this case the strong feedback is provided by

the large inertia, J ,: , of the rotor since, from (B.75),

(I, 1J3)" = G(s)/ (1+ G(s)) (B.80)
where
* . -1
J K
6() = ( L ] |
9" T \w VK ®30
Hence,
L aJi+d K, [ssKgs + (N -1)>J 5~ N(N - 1)J 55)K, ] (B.82)

VUK +NPK,) Koy +(N=1)*/ N2.JgK]

B.4.3 Simple drive-train model

The total drive-train compliance, x*, as defined by (B.76), can be partitioned freely
between the low- and high-speed shafts. The compliance

(N-D? I N*Jss 1[(Jss Jgg — J&s )s* + TssKp]
is assigned to the low-speed shaft. The natural assignment is to assign the compliance 1/K,,
to the low-speed shaft and the compliance 1/K, to the high-speed shaft, but a possible
alternative is to assign the combined compliance 1/k to the low-speed shaft and no
compliance to the high-speed shaft. It follows that the dynamics of the drive train in
Figure B.11d can be modelled by the simple system depicted in Figure B.12.

Tl : ' Tz

l ' [
K T +NT,=0.
(s +1,)s| | Tem |77 72T

K ———— 8,=N®,

(V- 1IN? : : _
T, '§ 1 é‘ : : 1 é T,
(I;s+7)s o - 9’ 59- 0 (Izs +1,)s
R 2 G

Figure B.12 Simplified representation of drive-train dynamics.

The lumped inertias /,, I, and I;, are related to the parameters of the drive-train

components and the rotor such that
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Ke K, [JoKgp + (N =1)2J —N(N - 1)J :s)K,]

IL=J,+J,———+ J .. X
PO K+ Ky TY(K, + NK) [JssKgs + (N =1)* / N2 Jgx]
(B.83)
+ - N.
(K, + N°K,) [JssKgg +(N=1)"/ N".J 55x]
I;=Jg6+Je 1 Jg (B.85)

It should be noted that (7, + N?1,) is the sum of all the inertias in the drive train reflected to
the low-speed shaft, i.e.
L +N,=J, +J,+Js+N*J, (B.86)

The inertias of the low-speed and high-speed shafts are not shown explicitly in (B.86) but are
incorporated in J; and Jy, and Jg and J; respectively. The lumped stiffnesses K, and K, are
related to the parameters of the drive-train components and the rotor such that
__KrKy 1+ KpKy  Jy

(Kg +Ky) (Kg +Kpy)? IR

I (B.87)

K;=Kg (B.88)
whilst the stiffness K,, remains the high-speed shaft stiffness. The lumped parameter

damping coefficients, y,, v, and vy;, are

Y, = Bg+ Bg, + By (B.89)
Y, =Bg, t By (B.90)
Y3 =Bg; + Bgp (B.91)

where B and B, represent the losses from the low- and high-speed shaft bearings

respectively. For the tip-regulated case

Je=J ; Kyp=Joj (B.92)
and
. OF
B, =-%1 (B.93)
R aq

For the full-span regulated case
.2 2 2 2
Jp=J-Jsin“a,(0f ~0F)/0f (B.94)
Ky = Jok - Jsin® o, (0 ~0k)

and
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«_ OF (.2 OF)\ 2 2 2
BR=—;Q—+(sm aoa—Q)-(®5(1+COS Q,)— OF COS ao)/m%

+{[-Lsina,cosa,, o L + Lsin® o, 9 2 +si a, co ¢ )
[ S —— n S PEN— .
o, —] (B.95)

(0% cos?

o, +o% sin’ ao)/(oE
at other than low frequencies;

. OF,  OF, 02 5
R="— aQ+a—Qsm a, (coE Wr)/ 0% (B.96)

at low frequency, see discussion in Section B.2.2.

The terms by which (B.94) differ from (B.92) and by which (B.95) or (B.96) differ

from (B.93), are typically small and can be neglected, particularly the terms in B}, since

other sources of damping in the drive train are generally much greater, for details see
Leithead and Rogers (1995b). Indeed B; can be omitted from (B.89) for the same reason
making the difference between (B.95) and (B.96) immaterial. The resulting simple model of
the drive train, Figure B.12, is no longer dependent on the equilibrium point at which it is
linearised, but is fixed. Only the dynamics relating aerodynamic torque, 7,, to changes in
pitch angle, o, and changes in wind speed, w, represented by (B.52), are dependent on the

equilibrium point.

B.S Summary

The drive-train dynamics of a wind turbine are a composite of many dynamic modes
of the tower, blades, hub, low-speed shaft, gearbox, gear-train, high-speed shaft and
generator rotor. However, the drive-train dynamics can be represented by a simple model
which is adequate for analysing the relationship of the dynamic properties of the drive train
to the physical parameters.

The full non-linear model, the full linearised model, the simple non-linear model and

the simple linear model as given below.

B.5.1 Full non-linear model

Equations (B.2), (B.3), (B.4), (B.5), (B.35), (B.54), (B.58), (B.59), (B.60) and (B.71)
together model all the significant dynamics of the drive train including coupling to the tower.
Although these equations are suitable for simulation purposes, they are less well-suited for
analytic purposes since they are both complex and non-linear.

The full non-lincar model is described below.
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The equations of motion of the rotor are (B.2) and (B.3), that is,
JOp =~ (Kz+JQ2).[(64 -0, )cosB—(d,—d;)sinB]cosP
— (Kp+JQ2).[(8; =8 ,)sinB+ (¢ — b, )cosBlsinp + F,

1-JZ1JJg) -
((1+JCC/JTT))J¢R = (Kp+JQ) (04 =6, )cosP (65~ )sinp]sinp

(B.97)

= (Kp +JQ)[(8z =6, )sinB+ (¢, —dr)cosPlcosp (B.98)
LR+ 5Bl + JE K, 1 U e )

The equations of motion of the tower are (B.60) and (B.4), that is,

Jes Ik

Jocdss  Jrdce

(I- )rbr == Kepg(I+JTx 1 Jog = J&s | Jo6Jss)Or —06g)

—Kr(1-J&s 1 Jg6Iss)07 +(N=1D)Jy | Jg6.T
~JxJes I JooJss - (T) + NT) (B.99)
- (1-J&s / Jg6Jss)Bror

+Jx 1 Jg6-((N =1)Bg;6, + B30 65 + BsOs)
~JxJgs | JgoJss- (BB + NBg;0;)

1-J2/1JJp) - -
((l : -C/c : J;)thbr = — (K +JQ2).[(0, —6,)cosp — (¢, — b7 )sinP]sinp

+ (Kp+JQ2).[(05 — 6,)sin + (¢ — d7)cosPlcosp (B.100)
~ [Brbr + Ky + 2R/ (14 1))
The equations of motion of the hub and low-speed shaft are (B.35) and (B.5), that is,
Jy®,=T,-T, ; T,=K,(8,~6,) (B.101)

Ty, = (Kg +JQ¢2;)-[(9R -0y) cosp—(dp —¢r)sinB]cosp

(B.102)
+ (Kp +JQ0)[(85 ~8y) sinB+(dg —¢r)cosB]sinp
The equations of motion of the gearbox are (B.58) and (B.59), that is,
Js0, —J5s0g5 =T, + NT, - B;,0, — NB;,0, (B.103)
Jog(=J% 1 Jrdge)0gp —JgsO) = — Kgg(1+Jx 1 J7).(8g5 —07)
+KpJy [ Jp.87 = (N-DT, (B.104)

~(N = 1DBg;0; ~ Bs3865 ~ BosOs
+Jy/Jp BB,

The equations of motion of the generator rotor and high-speed shaft are (B.71) and
(B.54), that is,

-

Jgbg =T - T, 5 T, = K;(86 - 6,) (B.105)
62 =N9, —(N—l)GGB (8106)
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B.5.2 Full linear model

However, since the above model is non-linear, it is not particularly suitable for
analysis purposes. The non-linear aspects of the drive-train dynamics can be linearised as

discussed in Section B.2.2. (B.97) and (B.98) are replaced by

Jog= — (Kg+JQ2).[(Bg -6y )cosB, — (b — 07)sinB,]cosP,

~ (Kp +JQ0).[(0g —0y)sinB, +(dx — d7)cosp,Isinp, (B.107)
oF F, .
+ a‘; Aw+F,aAa+a L6, -L aF’¢R —haF’¢T
where

F 2 2 -

F,, = o (0)52 wzF)[(u)zE +0%)sina, cosao(woﬂ- . )
da  20iei aFaw aFaQ (B.108)

+(co7'Ecos2 a, —w:}:sinz ao)(wo—2 —2)]

2 _ (Kp +JQ;) 2 _ (K +JQ;)
W =—=  ; Op =——2>
J J
and h is the hub height, L is such that L¢ ; is the mean wind speed seen by a blade.

(1-J¢ 1 JJ7)
(I+Jc/J7)

Jop = (Kg +JQ. 5).[(Br =B )cosP, —(bg —d7)sinB,]sinf,

= (Kp +JQ5)[(0 = 0)sinB, + (05 — d1)cosP, Jcosp, (B.109)
oF oF oF '
+[6:v2—Aw+anAa+'é_g'6R_L g

5F
—£ ¢T + Brér + K671/ (1+Jc 1 J7)

where

OF, (0% -0%) 2 )

oF oF
F = 3 - > ](szsin a, chos o, )(w, 1+Qo——'
a 20

2o 0" (g 110)
O, L q Oy

o)

+ (0% +0%)sina, cosa,(w,

and Aw and Aa are the perturbations in wind speed and pitch angle, respectively, about some
operating point and Q=6 g is the rotor speed. The angle B, is the value of B corresponding

to the choice of operating point. (B.100) is replaced by
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(]-JC/JJT)
(+Je1J)

T¢T =-(Kg + JQ?;)[(GR -0y )cosB, —(dp —¢r)sinf,]sinp,

+(Kp +JQL)[(04 —0)sinB, + (65 — 1) cosB,]cosp,

Jo OF, Jo Je oF, . J.  oF,. (®11)
1€ A+ ZC R A+ 6. _Jc o
[./ Aw J e J o & g7 sw 'R
y 92

- 7 EW —Lér+ Brér +Kpor1/(1+Jc 1 J)

and (B.102) is replaced by
Ty= (Kp+JQ)[(6z - 0)cosB, — (05 — ¢r)sinP,JcosB,

+(Kp +JQ)[(8z —6,)sinB, + (¢, — ¢7)cosp, Isinp, (B.112)
aF
~ Fiq
6a

The remaining equations are unchanged.

B.5.3 Simple linear model

The lumped parameter model is depicted in Figure B.12. It should be noted that the
simple model is linear - it does not vary with wind speed. It consists of the wind turbine
rotor inertia, /;, connected by a massless shaft of stiffness, K;, connected to a rigidly
mounted massless gearbox, with ratio NV, which in turn is connected by a massless shaft of
stiffness, K, to the generator rotor inertia, /,. In addition, the compliance of the gearbox
mount is incorporated into the low-speed shaft with inertia, /;, and stiffness, K.

The lumped rotor inertia, /;, the low-speed shaft damping constant, y;, and the low-
speed shaft stiffness, K; are related to the actual drive-train parameters of Section B.2 (B.45,
B.70, B.83) by
Kp
(Kr tKy)
K{Us +J Ky I(Kg + Ky ))(Kgp + (N -1D*K;) = N(N ~1)J 5K, ]
(K; +N2K,)[Kgp + (N -1 /N2 k]

11=JR+JH.

(B.113)

Y, = Bg, + By (B.114)

K, = Keku |, KeKy 7.J” (B.115)
(Kp *Ky) (Kp+Kp) Jr

where x =N 2K,K)/(K; + NK))

The lumped generator rotor inertia, /,, and the high-speed shaft damping constant, y,, are

P

related to the actual drive-train parameters by
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Ky(Jg+ Kyl (Kg+ Ky )(Kgp+ (N =1)/N.JgK))

12:JG+ 2 2 2
(K;+N°K,)[Kgg +(N-1)"/ N" k]

(B.116)

Y2 =Bg, + B (B.117)
The stiffness of the high-speed shaft remains K,. The lumped gearbox inertia, /,, the

gearbox damping, v, and the stiffness of the gearbox mounting, K ,, are related to the actual

drive-train parameters by

J2
I, =Jq~ G3
3 GG Jot+ T, K, | (Kg+ Kpp) (B.118)
Y3 =Bg; t Bgg (B.119)
K;=Kgs (B.120)

Simplification is possible because the tower head inertia, with respect to the base of
the tower, is much greater than the inertia of the rotor which in tumn is much greater than the
inertias of the other drive-train components. The simple model is consistent with the control
models of specific configurations of wind turbines employed in previous control design

investigations (Leithead et al., 1991a, Wilkie and Leithead, 1989, Bossanyi et al., 1992).

B.5.4 Simple non-linear model

A simple global non-linear model of the drive-train dynamics can also be obtained as
follows. In this case, B; is not neglected. Instead, with B; defined as in (B.93) and (B.52),
it follows that the non-linear dynamics relating aerodynamic torque, 7}, to pitch angle, a,
and wind speed, w, are adequately represented by

T,=F,(o,w,Q) (B.121)
provided the term B; is omitted from (B.89). It should be noted that the damping terms,

(B.89) to (B.91), cannot be neglected in the non-linear model, since they account for
significant internal drive-train mechanical losses. Hence Figure B.12, together with (B.121),

constitutes an adequate non-linear model.
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Appendix C Control of wind turbines

A typical wind turbine system, for which rated power is maintained using power
feedback, is shown in Figure C.1. The system usually has one input, the power set-point,
and one output, the electrical power (i.e. it is a SISO system). The system is subject to
disturbances due to wind speed and power measurement, all of which are stochastic. The
wind speed can be thought of as two external disturbance components, one at low frequency
due to wind turbulence and the other at high frequency at multiples of nQ), due to rotational
sampling. The size and the spectra of these disturbances vary with the wind turbine’s
configuration.

The role and design of power control of constant-speed wind turbines has been
thoroughly investigated by Leithead et al. (1991b) and is well understood. The control
design used here follows the methodology used by Leithead et al. (1991a). Since the power
control of a constant speed wind turbine is a SISO system the control design technique is
immaterial; the relationship between the input and the output (Leithead et a/., 1997) and how

the control is implemented (Leith and Leithead, 1997) are the important issues.

Rated_(?_ Controller
power

Figure C.1 The wind turbine system.

Wind speed
. . Power
| Actuator | Aerodynamics|{ Power-train .

Power
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This appendix reviews what constitutes good power control performance and how
the dynamic performance of different wind turbine configurations can be compared. It
describes the ideal open loop transfer function and how this is used in the parametric studies
in Chapters S and 6.

The main aim of a power controller is to minimise the loads on the drive train while
not increasing the structural loads. The power controller performance of a particular wind

turbine configuration can be investigated by simple models of the power-train dynamics,



described in Chapter 3. In Chapters 5 and 6 the simple linear models derived in Chapter 3
are used in a parametric study to investigate the effects of changing the characteristics of
conventional machines. The resulting trends are validated using non-linear models described
in Chapter 3 in an ACSL simulation. In order to compare the power controller performance
of any two configurations the ideal dynamic behaviour of the machine is required. In
addition, some indicator of the power controller performance is necessary so that any two

configurations can be compared.

C.1 Characteristics of a well designed controller

In above rated wind speeds a wind turbine would ideally produce power at the rated
value of the machine. It practise, however, this is not possible since the wind is stochastic
with low and high frequency components. The introduction of a power controller can reduce
the low-frequency disturbances but can do little to reduce those at medium or high
frequencies as this would demand excess actuator capability. Since a wind turbine should
produce as small as possible power (torque) fluctuations about a mean of rated power, the
influence of the wind and measurement disturbances on the power output of the machine are
required to be minimised. On a constant-speed wind turbine, the power output is directly
proportional to the torques seen throughout the drive train since the speed of the low-speed
shaft varies only very slightly.

To make fair comparisons between machine performance, each controller is required
to have similar stability margins and operate within the same actuator restrictions. In
addition, to avoid bias towards a particular configuration, consistent actuator capabilities are
required. All the controllers are designed to have a gain margin of approximately 10 dB and
a phase margin of approximately 60° and their performance is compared for equivalent
actuator capability. The measure of actuator activity is the force or torque within the
actuator since, for all actuators these have a maximum and minimum limit. However, to
eliminate bias due to differences in the nature of the actuator and in the geometry of the
linkages and gearing arrangements between the actuator and the rotor blades, pitch
acceleration, being directly related to the force or torque within the actuator, is used instead
as a measure of actuator activity. Its standard deviation reflects the activity over the medium
and long term. Another measure of actuator activity is the standard deviation of its velocity
since most actuators have maximum and minimum rates of deployment. Again, to eliminate
bias pitch velocity is used. In defining these measures, the dynamics of the linkages and

pitch gearing arrangements are ignored.



To investigate the effects of the disturbances on the power output and the internal
actuator signals, the dynamics of the wind turbine together with the control system need to
be considered. The control system structure, shown in Figure C.2, is based on that
developed by Leithead er al. (1991a) to assess the effects of the controller on a wind
turbine's dynamic performance. The controller is designed for a nominal wind speed of 16
m/s. To accommodate the effect of changes of wind speed on the wind turbine dynamics an
aerodynamic gain K, is included. The aerodynamic gain is the ratio of the partial derivative
of aerodynamic torque with respect to pitch angle for 16 m/s wind speed to the partial
derivative for the current wind speed. Since the wind speed cannot be measured, K, is
parameterised by the current pitch angle. This implementation of the non-linear
aerodynamic gain is thoroughly justified by Leith and Leithead (1997). The simulations in
Chapter 5 and Chapter 6 are constructed by combining a model of the control system

equivalent to Figure C.2 with the wind turbine models described in Chapter 3.

Rated Outer Inner | k 1_ |
power controller controller a

Measured power

high freq 1 /
filter K

K=k v6mss’ %,

Figure C.2 Block diagram of a wind turbine controller.

For a particular actuator capability the power controller performance is dictated by
the physical parameters of the machine; e.g. the number of blades and whether it is tip or
full-span regulated, as described in Sections 5.3 and 6.3. The inertias and stiffness of the
drive-train components influence the dynamics of the drive-train as described in Section 3.1.
Many aspects of wind turbine dynamics are non-linear, particularly the aerodynamics. As
described in Section 2.4.1, the effect of wind speed on aerodynamic torque can be divided
into two time-scales corresponding to slow mean wind-speed changes and rapid turbulent
wind-speed variations. Changes in mean wind speed cause the mean pitch angle of the
blades to alter to maintain the mean power output at its rated value. Every wind speed above
rated has a related blade-pitch angle which, if the wind speed were constant, would produce
rated aerodynamic torque and rated power. These blade positions can be treated as quasi-

static operating points when viewed from the fast turbulence time scale. In a control context
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the mean wind speed changes may be interpreted as a slow disturbance, which the control

system having integral action’ rejects, and need not be further considered.

Using the linearised models from Chapter 3, the linear control model for the wind

turbine is as shown in Figure C.3.
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©,.@ 7y and @ ;77 are zero-mean white noise with intensity one,

Bg is the demanded pitch angle, B, is the actual pitch angle

T is the aerodynamic torque
P is the electrical power, P, is the measured electrical power

C is the controller, M is the power transducer

A is the actuator

D is the power-train

W is the wind filter

k is the measurement noise filter

k, is the partial derivative of aerodynamic torque with respect to pitch angle
k, is the partial derivative of aerodynamic torque with respect to wind speed
acc, vel are the actuator acceleration and velocity

Figure C.3 Block diagram of linearised wind turbine model.

Figure C.3 can be reorganised as in Figure C.4.

! Integral action - the inclusion of integral action in a feedback loop drives the steady state error in
reference to a step input to zero. In addition, any constant disturbance input is driven to zero.
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Assume that the controller can be designed so that there is an ideal open-loop
transfer function, O, between derr and 8P, i.e.

O=CAD*M (C.1)
(for further details see Leithead et al. (1992)). The effects of each of the disturbances on the
power output can then be described by the following transfer functions:

the transfer function from ®, to electrical power, T,, p =Wk, / k;.Trp; (C.2)
the transfer function from w to electrical power T, , p =nQ /k;.Trp; (C.3)
the transfer function from w,, to electrical power T, p = kO/(MD*).Trp; (C4)

where Trp is the transfer function from aerodynamic torque to electrical power, specifically
T = D*/(1+0). (C.5)

From (C.5) it can be seen that to reject the wind disturbances requires the following features:

1) the frequency of the sensitivity function (1 + O)"l when it crosses 0 dB should be as high
as possible to reject low-frequency disturbances due to wind turbulence;

ii) the power-train, D*, should have high damping and high compliance (i.e. low first drive-
train mode frequency and high damping factor);

iii) the machine should respond to changes in mean wind speed and ramps in wind speed,
i.e. the controller should contain integral action and an additional low-frequency pole;

iv) it should not saturate the actuator, except for very short periods (Leith and Leithead,
1996);

v) it should protect the actuator from measurement noise and the high-frequency

components due to rotational sampling;



vi) to make the system robust to uncertainty in aerodynamics, the open-loop transfer
function of the system (plant with the controller) must have sufficiently high phase and
gain margins and have adequate roll-off; and

vii) the controller must cope with non-linearities, i.e. it must operate over range of wind
speeds and cope with the transition between below and above rated wind speed and
actuator saturation.

The transfer functions relating the variable under consideration to the appropriate
input noise are required to evaluate the power controller performance attained by a machine.
First consider the performance of the system driven by low-frequency wind speed
turbulence, i.e. the transfer function relating the input, w, , to electrical power, (C.2). This
low frequency disturbance must be minimised to achieve low drive-train loads. Hence the
controller is designed to shape the open-loop transfer function as depicted in Figure C.5.
The cross-over frequency is kept as high as possible. In addition to the integral action, a
low-frequency pole to included to reduce offsets in power, due to ramps in wind speed, by
increasing the velocity error constant. This low-frequency shaping has the further advantage
of matching the shape of the wind disturbance intensity which is represented in W by a roll-

off initially of 1/s but increasing to 1/s%.
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Figure C.5 Bode plot of the ideal open-loop and sensitivity transfer functions.

From (C.5), another factor affecting the results of wind turbulence on the drive-train
loads is the dynamic behaviour of the drive train. The relationship between aerodynamic
torque and electrical power can be approximated by the fourth-order transfer function (see
(3.10), Section 3.1.5)

b, NEﬁj}Qoa},za)g

- 2
s +a3s3 +a2s2 +a;s+a, (s? + 24w, +a),2)(s2 +24,w; +w5)

D(s) = (C.6)

As shown in Section 3.2, the dynamics of the drive train at low frequency are characterised
by the dynamics of the first mode. The size of the power fluctuations caused by the low-

frequency wind turbulence is related to the damping factor of the first drive-train mode,
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whilst the size of the torque fluctuations caused by the spectral peaks is related to the
frequency of the first drive-train mode. (In the parametric study in Chapters 5 and 6 the
damping factor of the first drive-train mode is assumed to be ideal, and the effect of varying
the frequency of the first drive-train mode only is investigated.)

There is maximum achievable cross-over frequency of the open-loop transfer
function which is due to the internal operation of the actuator. The effects of each of the

disturbances on the actuator acceleration are described by the following transfer functions:

the transfer function from w, to actuator acceleration, TW/ .

5 =Wk 1 kysoT,

losed »

(C.7)
=nQ/k,.s*T,

the transfer function from w,, to actuator acceleration, TW1 . losed >

1Ba
(C.8)

the transfer function from w,; to actuator acceleration, TW1 = k(D*)'l s2T

11 Pa

closed >

(C.9)
where T, 1s the closed-loop transfer function , i.e. T ., =0/ (M(1+ 0)). (C.10)
Similarly, the effects of each of the disturbances on the actuator velocity are
described by the following transfer functions:

the transfer function from w; to actuator velocity, TWI- =Wk, 1k;.5T p50q 5 (C.11)
a

B

the transfer function from w, to actuator velocity, TW/ =nQ/ky.sT eeas  (C.12)

IBa

the transfer function from w,, to actuator velocity, T = k(D*)'1 ST, josed - (C.13)

Wil Pa

A Bode plot of the typical transfer function from pitch angle to actuator acceleration
and velocity is shown in Figure C.6. In Figure C.6, the frequencies in the range 10 rad/s to
100 rad/s are greatly enhanced due to the s* in the relationship between the actual pitch and
the pitch acceleration. Therefore the actuator is very sensitive to frequencies in the middle
frequency range, particularly the spectral peaks, and to measurement noise (when the
controller cross-over frequency is high), and the controller transfer function is required to
roll-off like 1/s* (Leithead et al., 1991a) to protect the actuator from saturation from internal
noise (Bossanyi et al., 1992). Typically the frequency of roll-off starts at approximately 10
times the open-loop bandwidth (Leithead and Agius, 1992). The actuator activity also
increases as the controller cross-over frequency increases and it is very sensitive to wind
speed since the relationship actuator acceleration/velocity to wind turbulence is proportional
to k,/ k,. For most configurations the partial derivative of aerodynamic torque with respect

to pitch angle increases rapidly with wind speed while the partial derivative to wind speed



does not, see Figures 5.4 and 6.4. Hence, the actuator is not required to work as hard at high
wind speeds. Leith and Leithead (1996) have exploited this unused actuator capability in
high speeds to develop some non-linear controllers which greatly improve power controller
performance. The ratio &, / k, varies with the machine aerodynamics and so the actuator
activity varies with the number of blades and the type of power regulation for a particular
controller cross-over frequency.

In addition to disturbance rejection properties, the system must be robust to
uncertainty in the modelling of the wind turbine. For the closed-loop system to cope with
the considerable uncertainty, particularly from the modelling of the aerodynamics, Leithead
et al. (1991a) found that the open-loop transfer function gain and phase margins should be
approximately 10 dB? and 60° respectively. Since the phase and gain of any transfer
function are strongly related, there is a trade-off between the amount of disturbance rejection
at low frequency and the amount of the high frequency roll-off. From Figure C.5, it can be
seen that the rejection of low frequency disturbance is accompanied by an enhancement at
the middle frequencies. The enhancement although unavoidable should be shaped and
positioned to be least damaging - Leithead et al. (1991a) suggest between 1Q), and nQQ, In
addition, a notch at n{2, may be required (Bossanyi et al., 1992) to reduce the impact of the
spectral peak on the actuator and reduce its chances of saturating. The introduction of a
notch does, however, reduce the phase margin and so there are limits to its possible depth
and width of the notch. The notch used in the parametric study is based on that used in
Leithead and Agius (1991). The Bode plot of an ‘ideal’ open-loop transfer function, O,
satisfying all the conditions required of the wind turbine system described above, is shown in

Figure C.5, together with the corresponding sensitivity transfer function.

? The gain margin is an indication of the extra gain which can be introduced into a system before 1t
becomes unstable. It is the amount the magnitude of the transfer function is less than 1 when the
phase of the transfer function reaches -180°. It is usually measured in decibels, ie
20 log10(magnitude).

} The phase margin is a measure of the amount of extra phase shift which a system can tolerate and
still remain stable. It is the amount of phase at which the magnitude of the transfer function crosses 1,
(or 0 dB) is short of the -180° needed for instability. A figure of 45° is often quoted as a suitable
margin for many systems. Leithead ef al. (1991a) found that 60° was more suitable for wind turbines.
With a phase margin of 60° the open-loop transfer function bandwidth frequency is equal to the
frequency the sensitivity transfer function crosses 0 dB.
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Figure C.6 Bode plot of a typical transfer function from pitch angle to pitch acceleration.

C.2 The parametric study

The parametric study, whose results are discussed in Chapters 5 and 6, investigates
the influence of machine configuration on the achievable power regulation. Various
machine configurations are considered. Turbines can have two or three blades, and be full-
span or tip-regulated, and medium or large in size. They can have a first drive-train
frequency from 2 to 7 rad/s, and the open-loop transfer function can have a cross-over
frequency of 0.5 to 6 rad/s. The transfer functions used in this context are described here,
together with any assumptions made.

The large number of configurations to be investigated necessitates the use of analytic
methods rather than simulation methods. Consequently power controller performance is
evaluated by linear analysis. The linear model of the wind turbine is chosen in such a manner
that the estimates of performance are in reasonable agreement with those determined by
simulation. The wind turbine system is depicted in Figure C.1 and the linear model in Figure
C.3. The construction of the linear model is strongly influenced by experience gained on
previous investigations of wind turbine control (Leithead and Agius, 1992, Wilkie and
Leithead, 1988, Leithead et al., 1991a).

The transfer function relationships from each disturbance to generated power and
from each disturbance to pitch angle acceleration (velocity) are (C.2) to (C.5), and ;

(C.7)
((C.11)) to (C.10) ((C.13)), respectively.

Three separate transfer functions are required, namely M(s), D(s) and O(s), the
transfer functions for the power transducer, the drive-train and the open-loop transfer
function respectively. The transfer function, M(s), describing the dynamics of the power
transducer can be represented by a simple lag (Leithead et al., 1991a) such that

M(s) = 50/(s + 50) (C.14)
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The transfer function, D(s), describing the dynamic relationship of generator power to

aerodynamic torque has the general form

100, / Effy

CECR GG

where Effy is the combined efficiency of the gearbox and generator. In practice, the

D(s) =

(C.15)

efficiency of the gearbox and generator increases as a machine increases in size. Therefore
typical commercial values were used; the 300 kW machines were assumed to have an

efficiency of 91% and the | MW machines 95%. The frequency of the first drive-train

mode, w,, 1s varied to represent the range of drive-train dynamics from 2 rad/s to 7 rad/s and

the damping factor of the first drive-train mode is assumed to be ideal, i.e. { = 0.7. The ratio
of the frequencies of the two modes, is assumed to be 10 which is typical for commercial
machines (e.g. see Bossanyi et al,, 1992). The same basic drive-train shape was also
observed when investigating the drive-train dynamics of the Howden HWP330/33 (Wilkie
and Leithead, 1988) and HWP1000/45 (Leithead et al., 1991a) machines. Normally the
damping factor of the second drive-train mode is fairly small. It was chosen to be 0.11. This
damping factor is not so critical as it occurs at high frequency, by which point the drive-train
transfer function is well rolled-off.

In order to ensure that the transfer functions (C.2), (C.3), (C.4) are proper in the
parameteric study the transfer function, D(s), describing in (C.15) is at times unsuitable. Itis

necessary to approximate the drive-train transfer function further to have the form

Q, | Effy
2
{(L) ¥ 2g(i] + 1]
(Dn (D"

This transfer function does not model the high frequency dynamics properly. The additional

D'(s) =

(C.16)

phase loss in the middle frequency range due to the simplifications causes the peak of the
sensitivity function, see Figure C.5, to be higher and narrower.

The transfer function, O(s), for an open-loop system with cross-over frequency
2 rad/s is depicted in Figure C.7. It represents an attempt to include all the important
features of the ‘ideal’ open-loop transfer function described in Section C.1.1 and represents
the dynamics of a typical pitch regulated commercial wind turbine. (Note that the low
frequency shaping is omitted for simplicity but its inclusion would not markedly change the

results.) It may be interpreted to consist of two components, O,(s) and N(s), where



O(s) = O, (s)N(s)
437 x 10" (s + 35+ 133)
s(s® + 7335 +1344)(s? +86.7s + 1111)(s +46.75 + 88.9)
(s® +533s +1333)(s? + 385+ 1.556)

0,(s)=

(C.17)

The transfer function, N(s), is the notch filter incorporated into the controller to protect the
actuator from the transient loads at nQ), As the notch is dependent on the rotor speed of the
wind turbine it is considered separately from the remaining part of the open-loop transfer
function. Unfortunately the notch cannot be made sufficiently deep to completely remove
the transient loads since the associated phase and gain loss in the open loop would be too
great. The depth and width of the notch for each machine configuration are based on those

achieved on the WEG MS3 (Leithead and Agius, 1992) and scaled with rotor speed as

follows
s/ (n€2,))? +0.098e(s / (nQ,)) + 1
N(s) = 81092 (s/(nQ2,)) C18)
(s/(n€2,))? +0274¢(s / (nQ2,)) + 1
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Figure C.7 Bode plot of the open-loop transfer function, O(s), with o, = 2 rad/s.

The open-loop transfer function, O(s), appropriate to a specific controller cross-over

frequency is derived in two steps. First, the transfer function, O,(s), is scaled by the
substitution s—>2s/w,.. Second, the value of € in MN(s) is adjusted to obtain an open-loop

transfer function gain margin of 10 dB and a phase margin of approximately 45°; that is, the
phase margin for O(s) = O,(2s/w,) N(s) is 45°. This phase margin was chosen to compensate
for the underestimation of phase loss in the middle frequency range due to simplifying the
drive-train transfer function. The peak in the corresponding sensitivity function is sharper
and narrower than would be obtained with a phase margin of 60°. In the non-linear
simulation the fourth order drive-train transfer function is used and so, in this case, a phase
margin of 60° is chosen. The maximum possible filtering for any specific controller cross-

over frequency is then ensured.



The effects of wind turbulence on the aerodynamic torque can be modelled as /

coloured by the transfer function, W(s), where W(s) is

br (1+T;s)
S+ar (1+ TzS)(l+ T3S)

W(s) = (C.19)

where T, =KN2, T,=T;Ncs, T;=KNes K=y, RV, R = radius,

V' = mean wind speed, yg =13, ¢, =0.55.
The values of ar and b; vary with wind speed, the values used correspond to 20% turbulence
and are shown in Table A.1.

To model the transient loads at nQ,, Gaussian® white noise, w, is filtered by the

transfer functions (3.6) and (3.7), see Section 3.1.3. The intensity of the load transients at
n€), are chosen for the two- and three-bladed configurations such that the standard deviation
of the corresponding spectral peaks on the generated power are, respectively, 24 kW and
6 kW for 300 kW machines, and 34 kW and 5 kW for | MW machines, when the
frequencies of the first drive-train mode are approximately %2 nQ2,. The nominal intensities
for the two-bladed and three-bladed wind turbines are similar to those which have been
observed on commercial wind turbines (Bossanyi et al., 1992, Wilkie and Leithead, 1988,

Leithead et al., 1991a) and whose parameters are listed in Table C.1.

Configuration | Aa, Ga Ab,Gb B,H Ca,la Cb,Ib Da,Ja Db,Jb E,K Fa,La Fb,Lb
ayy 0.4 0.4 1.99 1.58 1.58 004 004 019 015 0.15

b,y 7495 10600 4691 2954 4178 7901 11173 3417 3036 4294

Table C.1 Spectral load model parameters for each configuration.

To model the measurement noise, Gaussian white noise, w,;, is simply scaled by the

constant £ where
k = 0.2 x Gearbox ratio x 2, (C.20)
The values of the gearbox ratio and the rotor speed, used to scale the measurement
noise, are tabulated in Table C.2. These values assume that the generators for all the
300 kW machines have 1.5 % slip and those for all the 1 MW machines have 1 % slip. This
intensity of measurement noise corresponds to power being measured to an accuracy of

200 W at a sampling time of 80 ms.

‘ A random variable, x, with a Gaussian distribution has the probability density function

2
- _{eme(a)” h is the mean and o(x) is the standard deviation.
p(&) p— exp[ 202 } where €(x) 1s (x)



Configuration Aa/Ab, B,H Ca/Cb, Da/Db, E,K Fa'Fb,
Ga/Gb la/Ib  Ja/Jb La/Lb

Rotor speed (rad/s) | 5.090 5.201 4.125 2.800 2.850 2.250
Gearbox ratio 30.86  30.65 38.65 37.77 37.11 47.01

Table C.2 Rotor speed and gearbox ratio for each configuration.

The partial derivatives of aerodynamic torque with respect to wind speed, &, and

with respect to pitch angle, k,, are determined from the aerodynamic torque coefficients for

each rotor and are shown in Figures 5.2, 5.3, 6.2 and 6.3 for each rotor.

Power controller performance is evaluated by determining the standard deviation of
the power output, the actuator acceleration and the velocity due to the three disturbances.
Since these variables are modelled by a transfer function, H(s), driven by Gaussian white

noise, the standard deviation can be calculated as

| 1/2
sd = (; _{lH(jco)lz dco) (C.21)

with the integral evaluated by the Calculus of Residues. Hence the transfer functions (C.1)
to (C.13) can be directly used to estimate the power controller performance of a wind

turbine.

C.2.1 Validation of linear analysis

The estimation of power controller performance using the linear models described in
Section 5.4 is validated by comparison with the results from a simulation of the wind turbine
for various configurations. The results from both the linear analysis and the simulation
analysis are tabulated in Table C.3. The standard deviations of power, actuator acceleration
and actuator velocity are given in each case. The results from the linear analysis are shown
in brackets. There is reasonable agreement between the two sets of results although the
estimates of actuator accelerations obtained by simulation are sometimes rather higher. The
reason for the discrepancy is the occurrence of spikes in the actuator acceleration associated
with transitions between below-rated and above-rated operation (Figure C.8). (These spikes
may not be significant in practice.) Hence the simulated standard deviation of actuator
acceleration is greater than the estimate by linear analysis, particularly in wind speeds with a
mean close to 12 m/s. For example, the standard deviation of actuator acceleration for
configuration Ca is estimated by simulation to be 9.9 °/s2. However, when the statistics are
collected for accelerations less than 50 °/s2 to exclude the spikes, the estimate is reduced to

7 °/s2.
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Figure C.8 Simulated pitch acceleration and power output for configuration Ca,

first drive-train mode 6 rad/s and controller cross-over frequency 2.38 rad/s.

Configuration Aa

Controller cross-over frequency (rad/s)

Wind First Standard 1.20 2.32 3.40 4.40
speed | drive-train deviation
(m/s) mode
(rad/s)
power (kW) 30.6 (26.8) | 19.0(17.7) | 163 (15.6) | 154 (14.7)
5 acceleration (°/s%) | 5.37(5.00) | 26.0(26.8) | 58.0(58.6) | 85.2(96.4)
13.4 velocity (°/s) 1.10 (1.29) | 2.28(2.72) | 4.34(4.99) | 5.72(7.26)
(12) power (kW) 20.6 (19.8)
6 acceleration (°/s?) - - 45.4 (58.5) -
velocity (°/s) 3.48 (4.99)
power (kW) 38.3 (26.7) 20.4 (18.7)
16.4(16) 5 acceleration (°/s?) - 14.6 (10.8) - 49.5 (38.7)
velocity (°/s) 1.95 (1.40) 3.62 (3.05)
power (kW) 43.0 (48.8)
20(23) 6 acceleration (°/s?) - - 16.8 (14.2) -
velocity (°/s) 1.89 (1.93)

Table C.3a) Configuration Aa - Two blades, %2 nominal 2€2,, 300 kW, full-span regulated.




Configuration Ca

Controller cross-over frequency (rad/s)

Wind First Standard deviation 1.21 2.36 347 4.52
speed | drive-train
(m/s) mode
(rad/s)
power (kW) 27.5(244) 10.3 (8.94)
5 acceleration (°/s*) | 5.68 (1.70) - 20.2 (18.3) -
velocity (°/s) 1.41 (1.44) 1.90 (1.98)
power (kW) 27.5(19.6) | 159(13.2) | 10.5(9.13) | 8.09(7.08)
12 6 acceleration (°/s?) | 5.30(1.70) | 9.87(7.40) | 20.7(17.9) | 36.6 (33.0)
velocity (°/s) 1.40 (1.44) | 1.55(1.63) | 1.91(1.98) | 2.36(2.48)
power (kW) 37.5(24.5) | 15.3(13.3) | 10.7(9.35)
7 acceleration (°/s*) | 2.90 (1.70) | 10.4 (7.40) | 20.4 (17.8) -
velocity (°/s) 1.48 (1.44) | 1.58(1.63) | 1.90(1.97)
power (kW) 52.5(49.4) | 293 (27.0) | 20.1(18.5) | 15.4(14.1)
16 6 acceleration (°/s?) | 5.05(1.20) | 6.70(3.20) | 11.5(7.00) | 18.6 (12.5)
velocity (°/s) 1.44 (1.08) | 1.58(1.20) | 1.70(1.31) | 1.88(1.44)
power (kW) 87.2 (120.3) | 49.4(67.4) | 34.1 (46.4)
5 acceleration (°/s%) | 2.63 (1.90) | 4.73 (3.50) | 7.79 (5.50) -
velocity (°/s) 1.49 (1.51) | 1.66(1.72) | 1.77 (1.81)
power (kW) 87.4 (120.6) | 49.8 (67.9) | 36.2(47.0) | 26.3(35.8)
23 (20) 6 acceleration (°/s*) | 2.53 (1.90) | 4.57 (3.50) | 7.44(5.50) | 12.8 (8.40)
velocity (°/s) 1.49 (1.51) | 1.66(1.72) | 1.74(1.81) | 1.88 (1.88)
power (kW) 106 (121) | 50.0(68.2) | 34.7 (47.3)
7 acceleration (°/s?) | 2.60 (1.90) | 4.55(3.50) | 7.87(5.50) -
velocity (°/s) 1.46 (1.51) | 1.66(1.72) | 1.78 (1.81)

Table C.3b) Configuration Ca - Three blades, nominal 3Q2,, 300 kW, full-span regulated.




Configuration Db

Controller cross-over frequency (rad/s)

Wind |First drive- Standard 1 2
speed | train mode deviation
(m/s) (rad/s)
power (kW) 43.5(50.1) | 46.7(29.4)
2 acceleration (°/s?) | 2.59 (3.10) | 7.66 (10.3)
velocity (°/s) 0.77 (0.82) | 1.34(1.71)
power (kW) 66.7 (71.3) | 67.0(63.7)
4 acceleration (°/s?) | 2.57 (3.10) | 7.48 (10.0)
velocity (°/s) 0.77 (0.82) | 1.34(1.71)
13.4 5 power (kW) 78.8 (86.4) | 81.4 (84.0)
(12) acceleration (°/s?) | 2.57 (3.10) | 7.50(10.0)
velocity (°/s) 0.77 (0.82) | 1.34(1.71)
6 power (kW) 89.8 (99.1) | 93.2(100)
acceleration (°/s?) | 2.57 (3.10) | 7.45 (10.0)
velocity (°/s) 0.77 (0.82) | 1.33(1.71)
8 power (kW) 101 (114) | 105.9(118)
acceleration (°/s?) | 2.57 (3.10) | 7.43 (10.0)
velocity (°/s) 0.77 (0.82) | 1.33(1.71)
power (kW) 94.2(96.4) | 47.5(51.6)
2 acceleration (°/s%) | 1.95(1.39) | 5.25 (4.45)
velocity (°/s) 0.83(0.59) | 1.12(0.89)
power (kW) 107 (110) | 72.0(77.6)
4 acceleration (°/s?) | 1.93 (1.39) | 5.12 (4.34)
velocity (°/s) 0.83(0.59) | 1.11(0.89)
16.4 5 power (kW) 115(121) | 87.2(95.1)
(16) acceleration (°/s?) | 1.94 (1.39) | 5.15(4.34)
velocity (°/s) 0.83(0.59) | 1.11(0.89)
6 power (kW) 125 (130) 100 (110)
acceleration (°/s?) | 1.92(1.39) | 5.08 (4.34)
velocity (°/s) 0.83 (0.59) | 1.11(0.89)
8 power (kW) 134 (142) 113 (126)
acceleration (°/s?) | 1.92 (1.39) | 5.06 (4.34)
velocity (°/s) 0.83(0.59) | 1.11(0.89)
power (kW) 168 (234) 81.9 (123)
2 acceleration (°/s?) | 1.41 (1.08) [ 3.76 (2.84)
velocity (°/s) 0.89 (0.80) | 1.04 (0.94)
power (kW) 179.3 (247) 101 (142)
4 acceleration (°/s?) | 1.39 (1.08) | 3.66 (2.78)
ve]ocity (°/s) 0.89 (080) 1.04 (0.94)
20 5 power (kW) 181 (252) 111 (153)
(23) acceleration (°/s?) | 1.39 (1.08) | 3.67(2.78)
velocity (°/s) 0.89 (0.80) 1.03 (0.94)
6 power (kW) 190 (257) 122 (163)
acceleration (°/s*) | 1.39 (1.08) | 3.61(2.78)
velocity (°/s) 0.89 (0.80) | 1.04 (0.94)
8 power (kW) 133 (175)
acceleration (°/s?) - 3.59(2.78)
velocity (°/s) 1.03 (0.94)

Table C.3¢) Configuration Db - Two blades, nominal 2Q,, 1 MW, full-span regulated.




Configuration Fa Controller cross-over frequency (rad’s
Wind |First drive- Standard
speed |train mode deviation 1 2 3
(m/s) (rad/s)
5 power (kW) 59.9(64.7) | 31.4(29.7) | 21.7(19.8)
acceleration (°/s?) | 0.90 (0.63) | 2.21(1.85) | 3.89 (3.69)
velocity (°/s) 0.80(0.74) | 0.86(0.82) | 0.93(0.91)
13.4 7 power (kW) 60.3 (62.8) | 32.4(30.9) | 25.2(21.7)
(12) acceleration (°/s?) | 0.90 (0.63) | 2.21 (1.85) | 3.44 (3.66)
velocity (°/s) 0.80 (0.74) | 0.86(0.82) | 091 (0.91)
9 power (kW) 61.0(63.1) | 33.1(31.7) | 26.1(23.0)
acceleration (°/s%) | 0.89 (0.63) | 2.20(1.85) | 3.44 (3.66)
velocity (°/s) 0.80(0.74) | 0.86(0.82) [ 0.91(0.91)
power (kW) 113 (125) | 59.6(60.4) | 40.6 (38.9)
5 acceleration (°/s*) | 0.76 (0.47) | 1.57 (1.00) | 2.52(1.70)
velocity (°/s) 0.83 (0.60) | 0.89(0.67) | 0.93 (0.70)
16.4 power (kW) 114 (125) | 60.4 (60.9) | 45.8 (40.1)
(16) 7 acceleration (°/s?) | 0.76 (0.47) | 1.57(1.00) | 2.24(1.70)
velocity (°/s) 0.83 (0.60) | 0.89 (0.67) | 0.91(0.70)
power (kW) 115 (125.7) | 60.9(61.3) | 46.5(40.9)
9 acceleration (°/s?) | 0.75(0.47) | 1.56(1.00) | 2.21(1.70)
velocity (°/s) 0.83 (0.60) | 0.89(0.67) | 0.91(0.70)
power (kW) 195 (315) | 103.9(156) | 70.8 (101)
5 acceleration (°/s?) | 0.78 (0.76) | 1.42(1.33) | 2.13(1.85)
velocity (°/s) 0.91(0.83) | 0.98(0.99) | 1.01(1.02)
20 power (kW) 195 (326) | 104.8 (157) | 79.0(102)
(23) 7 acceleration (°/s?) | 0.78 (0.76) | 1.42(1.33) | 1.89(1.84)
velocity (°/s) 0.91 (0.83) | 0.98(0.99) | 1.00(1.02)
power (kW) 196 (315) | 105.3(158) | 79.7(103)
9 acceleration (°/s?) | 0.77(0.76) | 1.42(1.33) | 1.86(1.84)
velocity (°/s) 0.91 (0.83) | 0.98 (0.99) | 1.00 (1.02)

Table C.3d) Configuration Fa - Three blades, nominal 3Q,, | MW, full-span regulated.




Configuration Ga

Controller cross-over frequency (rad/s)

Wind First Standard 1.20 2.32 3.40 440
speed | drive-train deviation ‘
(m/s) mode
(rad/s)
power (kW) 15.8 (15.6) | 15.0(14.7)
5 acceleration (°/s?) - - 123 (104) 181 (171)
13.4 velocity (°/s) 8.39(8.86) | 10.9(12.9)
(12) power (kW) 21.9(20.7) | 19.9(19.7) | 19.1(19.2)
6 acceleration (°/s%) - 47.5(47.6) | 97.4 (104) 156 (167)
velocity (°/s) 3.95(4.82) | 6.67(8.86) | 9.41(12.89)
power (kW) 18.0 (17.8) | 16.5(16.0)
5 acceleration (°/s?) - - 62.4 (47.8) | 104 (78.6)
16.4 velocity (°/s) 4.94 (4.19) | 7.12(6.01)
(16) power (kW) 20.9 (20.3)
6 acceleration (°/s?) - - - 87.8 (76.9)
velocity (°/s) 5.98 (6.00)
power (kW) 17.9 (15.0)
5 acceleration (°/s?) - - 443 (36.4) -
20 velocity (°/s) 3.85 (3.07)
(23) power (kW) 26.5(19.6) | 22.3(19.2) | 20.8(18.9)
6 acceleration (°/s?) - 18.7(16.7) | 53.2(36.4) | 59.9(58.5)
velocity (°/s) 2.11(1.64) | 423 (3.07) | 4.65(4.49)
Table C.3e) Configuration Ga - Two blades, %2 nominal 2Q,,, 300 kW, tip regulated.
Configuration la Controller cross-over frequency (rad/s)
Wind First Standard 1.20 2.32 3.40 4.40
speed | drive-train deviation
(m/s) mode
(rad/s)
power (kW) 10.65 (12.75)] 7.312(9.03) | 5.63 (6.66)
5 acceleration (°/sz) - 27.77 (13.5) | 55.78 (33.4) | 88.24 (75.2)
velocity (°/s) 2.83(2.90) | 3.49 (3.52) | 4.57(4.51)
13.4 power (kW) 19.56 (23.85)11.32 (12.93)| 7.92 (8.92) | 6.22 (6.94)
(12) 6 acceleration (°/s?) | 18.56 (3.0) | 28.62(13.5) | 53.42 (32.7) | 87.34(60.2)
velocity (°/s) 2.46(2.55) | 2.77(2.91) | 3.44(3.53) | 4.45(4.44)
power (kW) 22.04 (17.59)| 11.92(9.68) | 8.17(6.76) | 6.27 (5.22)
5 acceleration (°/s?) | 14.86 (1.3) | 17.46(6.3) | 26.3(15.7) | 43.76 (35.1)
16.4 velocity (°/s) 2.03(0.89) | 2.21(1.08) | 2.51(1.41) | 3.00 (1.88)
(16) power (kW)  [22.15(17.66)| 12.66 (9.82) 6.62 (5.54)
6 acceleration (°/s?) | 15.12(1.3) | 17.63(6.3) - 42.64 (27.5)
velocity (°/s) 2.03 (0.89) | 2.20(1.08) 3.01 (1.88)

Table C.3f) Configuration Ia - Three blades, nominal 3€2,, 300 kW, tip-regulated.




Configuration Jb First drive-train mode (rad/s)
Wind | Controller | Standard
speed | crossover | deviation 1 2
(m/s) freq.
(rad/s)
power 43.1 (50.8) | 44.9 (29.7)
2 acceleration | 5.77 (5.35) | 15.3 (17.7)
velocity 1.49 (1.43) | 2.60 (2.95)
power 62.5 (71.8) | 66.2 (63.9)
4 acceleration | 5.76 (5.35) | 15.0 (17.2)
velocity | 1.49 (1.43) | 2.58 (2.95)
13.4 power 75.9 (86.8) | 81.4 (84.1)
(12) 5 acceleration | 5.76 (5.35) | 14.9 (17.2)
velocity | 1.49 (1.43) | 2.58 (2.95)
power 86.6 (994) | 93.2 (100)
6 acceleration | 5.74 (5.35) | 14.9(17.2)
velocity [ 1.49 (1.43) | 2.58 (2.95)
power 98.4 (114) | 106 (118)
8 acceleration | 5.72 (5.35) | 14.9(17.2)
velocity | 1.49 (1.43) | 2.58 (2.95)
power 55.7(69.8) | 31.0 (38.7)
2 acceleration | 3.94 (2.55) | 10.4 (8.33)
velocity | 1.33 (0.84) | 2.01 (1.49)
power 74.0 (87.0) | 61.6 (69.2)
4 acceleration | 3.94 (2.55) | 10.2 (8.12)
velocity | 1.33 (0.84) | 2.00 (1.49)
16 power 87.2(99.8) | 80.1 (88.1)
5 acceleration | 3.93 (2.55) | 10.2 (8.12)
velocity | 1.33 (0.84) | 2.00 (1.49)
power 97.8 (111) | 94.0 (103)
6 acceleration | 3.93 (2.55) | 10.2 (8.12)
velocity | 1.33 (0.84) | 2.00 (1.49)
power 110 (124) | 109 (121)
8 acceleration | 3.92 (2.55) | 10.2 (8.12)
velocity | 1.33 (0.84) | 2.00 (1.49)
power 51.1(45.1) | 28.3(27.7)
2 acceleration | 2.50 (1.95) | 7.43 (6.28)
velocity | 0.83 (0.49) | 1.4 (1.06)
power 71.2 (68.2) | 61.9 (63.1)
4 acceleration | 2.50 (1.95) | 7.30 (6.28)
velocity | 0.83 (0.49) | 1.42 (1.06)
20 power 85.3(83.8) | 81.6 (83.5)
(23) S acceleration | 2.51 (1.95) | 7.31 (6.28)
velocity | 0.83 (0.49) | 1.42 (1.06)
power 96.6 (96.9) | 96.4 (99.7)
6 acceleration | 2.51 (1.95) | 7.31 (6.28)
velocity | 0.83 (0.49) | 1.42 (1.06)
power 109 (112) | 112 (118)
8 acceleration | 2.51 (1.95) [ 7.32 (6.28)
velocity [ 0.83 (0.49) | 1.42 (1.06)

Table C.3g) Configuration Ja - Two blades, nominal 2Q2,, 1 MW, tip-regulated.




Configuration La Controller cross-over frequency (rad s)
Wind First drive-train Standard
speed mode (rad/s) deviation 1 2 3
(m/s)
power 44.4 (59.3) 23.6 (28.5) 16.8 (19.1)
5 acceleration 1.91 (1.17) 4.62 (3.50) 8.14(6.99)
velocity 1.37 (1.34) 1.50 (1.50) 1.68 (1.67)
power 45.0 (59.7) 24.9 (29.7) 20.1(21.0)
13.4 (12) 7 acceleration 1.91 (1.17) 4.60 (3.50) 7.18 (6.95)
velocity 1.37 (1.34) 1.50 (1.50) 1.62 (1.66))
power 45.4 (60.1) 25.8 (28.5) 21.2(22.3)
9 acceleration 1.90 (1.17) 4.60 (3.50) 7.19 (6.93)
velocity 1.37 (1.34) 1.50 (1.50) 1.61 (1.66)
power 51.3 (40.0) 27.1 (20.2) 19.2 (14.3)
1 acceleration 1.26 (0.50) 291 (1.67) 5.05(3.40)
velocity 1.13 (0.44) 1.22 (0.53) 1.34 (0.63)
power 51.9 (40.7) 28.4 (21.1) 22.8(16.7)
16.4 (16) 2 acceleration 1.26 (0.50) 2.90 (1.67) 4.43(3.42)
velocity 1.13 (0.44) 1.22 (0.53) 1.30(0.63)
power 52.2 (41.2) 29.3 (22.9) 23.9(18.3)
3 acceleration 1.26 (0.50) 2.90 (1.67) 4.37(3.42)
velocity 1.13 (0.44) 1.22 (0.53) 1.29(0.63)
power 45.1 (27.0) 24.5(14.9) 17.7(11.3)
1 acceleration 0.76 (0.32) 1.98 (1.14) 3.58(2.49)
velocity 0.74 (0.21) 0.82 (0.27) 0.91 (0.36)
power 45.7 (27.5) 25.9 (16.9) 21.2(14.2)
20 (23) 2 acceleration 0.76 (0.32) 1.98 (1.14) 3.15(2.33)
velocity 0.74 (0.21) 0.82 (0.27) 0.88 (0.36)
power 46.1 (28.7) 26.9 (18.7) 22.5(15.5)
3 acceleration 0.76 (0.32) 1.98 (1.14) 3.10(2.33)
velocity 0.74 (0.21) 0.82 (0.27) 0.87 (0.36)

Table C.3h) Configuration La - Three blades, nominal 3Q2,, | MW, tip-regulated.

The breakdown of the contribution of the three disturbances, ®;, ®; and ®;; to the
total power, acceleration and velocity estimates are given for four cases in Table C.4. The
agreement between the three sets of estimates can be seen to be good, except for the
contribution of the wind disturbance for Configuration La. The reason for the disagreement
is due to this configuration being most sensitive to the non-linear behaviour of the
aerodynamics, in particular the stalling aerodynamic behaviour of the three-bladed tip-
regulated rotor. The controllers incorporated in the simulations are derived directly from the
open-loop transfer functions, i.e.

O(s)

- (C.22)
k, A(s) M(s) D(s)

C(s)

The transfer function A(s) (Leithead ef al., 1991a) is a linear model of actuator dynamics
included in the simulation. For the medium scale wind turbines it is (3.8). The bandwidth of
the actuator would be expected to be considerably lower on a large-scale machine compared

to a medium-scale machine. Following discussions with manufacturers, the bandwidth 1s
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chosen to be approximately 2.5 rad/s and (3.8) scaled accordingly to obtain the actuator
transfer function for the large-scale machines, (3.9). Of course, a controller derived by this
method may not be entirely satisfactory. To confirm that no undue errors arise from using
these controllers in the above simulations, estimates of performance are obtained from eight
further simulations using properly designed controllers, one for each of the two-bladed
machines and one for each of the three-bladed machines with the lower rotor velocity. The
properties of the configurations and the performance estimates are shown in Table C.5. It

may be observed that there is no major discrepancy between the results of Table C.4 and the

corresponding results of Table C.5.

Configuration Aa

Simulation (Linear analysis)

Wind speed 12 m/s Generated Actuator Actuator
Controller cross-over frequency 4.4 rad/s Power Acceleration Velocity
First drive-train mode 6 rad/s (kW) (°/s2) (°/s)
Wind 8.11 (6.75) 3.77 (4.32) 2.07 (2.33)
20, 18.2 (18.0) 155.0 (166.4) 9.3 (12.69)
Meas. noise 0.042 (0.048) 17.9 (18.2) 0.32 (0.342)
Total 19.13 (19.19) | 156.0 (167.5) | 9.41 (12.89)

Configuration Ca

Simulation (Linear analysis)

Wind speed 12 m/s Generated Actuator Actuator
Controller cross-over frequency 2.36 rad/s Power Acceleration Velocity
First drive-train mode 6 rad/s (kW) (°/s?) (°/s)
Wind 15.05 (13.04) 6.72 (2.11) 1.52 (1.55)
3Q, 2.25 (2.08) 7.46 (7.06) 0.56 (0.53)
Meas. noise 0.036 (0.035) | 1.010 (0.712) | 0.037 (0.042)
Total 15.9 (13.2) 9.87 (7.40) 1.55 (1.63)
Configuration Db Simulation (Linear analysis)
Wind speed 16.4 m/s Generated Actuator Actuator
Controller cross-over frequency 1 rad/s Power Acceleration Velocity
First drive-train mode 2.8 rad/s (kW) (°/s?) (°/s)
Wind 109.9 (96.1) | 0.512 (0.435) | 0.679 (0.536)
2Q, 26.3 (28.8) 1.098 (1.349) | 0.204 (0.232)
Meas. noise 0.396 (0.17) | 0.013(0.015) | 0.001 (0.001)
Total 112.5 (100.3) | 1.507 (1.322) | 0.724 (0.650)
Configuration Lb Simulation (Linear analysis)
Wind speed 16 m/s Generated Actuator Actuator
Controller cross-over frequency 1 rad/s Power Acceleration Velocity
First drive-train mode S rad/s (kW) (°/s?) (°/s)
Wind 51.0 (31.0) 1.06 (0.38) 1.125 (0.46)
3Q, 6.15 (6.37) 0.50 (0.52) 0.072 (0.074)
Meas. noise 0.33 (0.17) 0.011(0.012) | 0.001 (0.001)
Total 51.3 (31.6) 1.26 (0.64) 1.13 (0.46)

Table C.4 Breakdown of standard deviations.
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Configuration Aa

Simulation (Linear analysis)

Wind speed 13.4 (12)m/s Generated Actuator Actuator
Controller cross-over frequency Power Acceleration Velocity
3.65 (3.9) rad/s kw) (°/s?) (°/s)
First drive-train mode 6 rad/s
Wind 7.24 (7.70) 7.49 (7.29) 4.28 (4.16)
20, 18.89 (17.9) 66.3 (75.9) 5.58 (6.01)
Meas. noise 0.027 (0.045) 13.78 (5.09) 0.16 (0.13)
Total 19.75 (19.49) | 68.19 (76.09) 5.99 (6.15)
Configuration Ca Simulation (Linear analysis)
Wind speed 13.4 (12)m/s Generated Actuator Actuator
Controller cross-over frequency Power Acceleration Velocity
2.0 (1.8) rad/s kW) (°/s?) (°/s)
First drive-train mode 6 rad/s
Wind 15.46 (17.03) 3.16 (1.77) 1.68 (1.51)
3Q, 2.18 (1.92) 5.12 (3.38) 0.36 (0.28)
Meas. noise 0.038 (0.030) 1.34 (0.23) 0.038 (0.013)
Total 15.58 (17.12) | 5.26 (3.82) 1.70 (1.53)
Configuration Db Simulation (Linear analysis)
Wind speed 16.4 (16.0)m/s Generated Actuator Actuator
Controller cross-over frequency 1 rad/s Power Acceleration Velocity
First drive-train mode 2.8 rad/s (kW) (°/s?) (°/s)
Wind 93.4 (81.9) 0.77 (0.60) 0.62 (0.45)
2Q, 27.4 (29.75) 0.26 (0.30) 1.43 (1.85)
Meas. noise 0.025 (0.018) | 0.002 (0.002) | 0.031 (0.040)
Total 96.6 (87.1) 0.83 (0.67) 1.95 (1.91)

Configuration La

Simulation (Linear analysis)

Wind speed 16.5 (16.0) m/s Generated Actuator Actuator
Controller cross-over frequency 1 rad/s Power Acceleration Velocity
First drive-train mode 5 rad/s (kW) (°/s?) (°/s)
Wind 52.2 (39.65) 1.21 (0.482) 1.16 (0.581)
3Q, 6.108 (6.527) | 0.271 (0.558) | 0.043 (0.078)
Meas. noise 0.490 (0.016) | 0.005 (0.022) |0.0006 (0.0013)
Total 52.6 (40.18) | 1.270 (0.737) | 1.17(0.586)
9165(s? + 325 + 2.56)(s* + 8355 + 36.44)(s? + 5 + 103.6)
Aa controller = 3 3
s(s+03)(s + 3.7)(s + 50)(s* + 280s + 40000)(s* + 2.795s + 103.6)
Ca controller = 0.455(s? + 155 + I)(s? + 8.68s + 38.48)(s + 259)(s® + 3.39s + 153)
T (s +095)(s + 2.15)(s + 3)(s* + 565 + 1600)(s* +3.39s +153)
243, 97)(s? +0.55s + 3136
Db controller = 0.2(s + 05)(s + 1.23)(s + 2.5)(s + 50)(s” + 3955 + 7.97)(s” + 055s + )

La controller =

s(s +0.1)(s + L67)(s + S0)(s? + 205 + 200)(s? +23s +216)(s” + 1.53s + 31.36)

0.1206(s + 0.27)(s +1.23)(s + 2.5)(s? + 6.97s + 24.94)(s + 50)(s* + 0.665 + 45.56)

Table C.5 Breakdown of standard deviations for simulations with designed controllers.

The results of the parametric study are presented in Chapters 5 and 6. The same
methodology is used in Chapter 7 to analyse the power controller performance of the fledge.
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The methodology is also used in Chapter 8 to analyse the power controller performance of a
full-span regulated, | MW machine and the results are shown in Tables C.6 to C.9. It should
be noted that this wind turbine does not have ideal damping. The machine parameters for the
machine investigated in Chapter 8 are listed in Table C.10 and the aerodynamic torque

coefficients for this machine is listed in Table G.9.

C.3 Implementation of a dual mode controller

A dual mode structure for the controller, i.e. a crossover frequency of 1 rad/s in low
wind speeds and a crossover frequency of 2 rad/s in high wind speeds is adopted for the
wind turbine considered in Chapter 8. The digital implementation of such a dual mode
controller (Leith and Leithead, 1996) is described in this sub-section.

The actuator pitch rate limits are restrictive. Unlike the controllers described in
Section C.1, to avoid excessive actuator saturation there is no shaping at low frequency to
cater for ramps in wind speed. Therefore, exceptional peak power transients can occur. A
modest improvement in the actuator capability would accordingly improve performance
markedly in response to ramps in the wind speed. Also, the loss of phase due to the tower
dynamics restricts the effectiveness of the notch filter which protects the actuator from the
spectral peak at 3Q2,,

The controller is implemented digitally with a sampling frequency of 25 Hz and the
overall controller structure (very similar to that in Figure C.2) with the required additional
filters is shown in Figure C.9. (The analogue pre-filter 80/(s + 80) is required to reduce the
high frequency noise components in the analogue signal (anti-aliasing) and so to prevent
noise from being transferred to a lower frequency by the sampling process. To protect the
actuator from additional high frequency disturbances due to digitalisation, an analogue filter
after the D/A converter is required, i.e., 3600/(s2 + 40s + 3600)). To account for the delays
due to digitalisation, the continuous controller in the simulation and in the control models

include an additional delay for the A/D and D/A conversion, namely (1 — s/80)/(1 + s/80).
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Figure C.9 Controller implementation.

The transfer function G is the high frequency part of the controller transfer function.
The gain G, is used when the pitch angle is below 12°, say, and G, is used when the pitch
angle is above 12°. G, is the notch at 3Q2,. G; and Gq are filters to remove high frequency
noise on switching from above to below rated wind speeds and vice versa. The transfer

function G, is a simple linear model of the actuator. ks(Bdeg) 1s the aerodynamic gain

scheduled by the current pitch angle, B. Table G.10 lists the partial derivatives, 0T/0B, for
the various wind speeds and the corresponding pitch angle for rated power. Due to the low
bandwidth of the actuator the square of the pitch velocity measurement is fed back into the
controller (Leith and Leithead, 1997) together with a gain scheduled on pitch angle to
counteract the non-linear aspects of the aerodynamics. The gain, k¢ is
l/a 62T/6B2deg/6T/BBdeglrated, where a is the bandwidth of the actuator and k¢ for this

machine is approximately constant. The transfer functions and parameters in Figure C.9 are

s +765s> +1785s% + 240005 + 50000

Go=—; > . G, =0.013047; G,=0.025648;
s* +100s> + 750052 + 2500005 + 6250000
2
s? +0312s +60.79321 20 25s
G] = 2 s G5 = G6 = ; 7 =
s2 4155945 + 60.79321 s+20 s+25
aT/d _ 2 2
K = Paegrarea | _—4129 kg =2 TP _ 49567215 K, = 10.
aT/aBdeg aT/aBdcg aar/aBdchrated

The controllers are listed in Table C.11 together with their stability margins at a
variety of wind speeds. The difference between the two controllers, one with a crossover

frequency of 1 rad/s, the other 2 rad/s, is a change in gain. The gain is changed when the
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measured pitch angle goes above or below a pitch angle limit i.e. 12° (which is equivalent to

a wind speed of 16 m/s).
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Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q2
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

0.5

28793.9
28910.9
29023.0
29468.0
29571.0
29644.1
29695.2
29731.2

0.5

47762.4
47916.4
47997.2
48270.1
48332.7
48377.2
48408.2
48430.0

0.5

93556.6
93847.8
93923.5
94071.0
94102.4
94124.5
94139.8
94150.4

0.5

122023.5
122427.3
122515.8
122636.9
122660.5
122677.0
122688.2
122696.0

1.0

11543.0
11913.6
12217.2
13284.6
13519.1
13683.5
13797.3
13877.0

1.0

19214.8
19737.7
19985.5
20682.0
20834.4
20941.9
21016.6
21069.0

1.0

38317.8
39339.7
39625.3
40051.2
401329
40189.9
40229.4
40256.9

1.0

50955.7
52369.8
52721.8
53102.9
53166.9
53211.1
532413
53262.1

Controller cross-over frequency (rad/s)

1.5

6620.6
7214.0
77423
9417.8
9761.2
9998.1
10160.4
10273.1

2.0

4462.0
5180.5
5938.5
8134.7
8556.0
8842.6
9037.2
9171.4

25

33439
4151.4
5135.6
7774.1
8253.1
8575.7
8793.2
8942 .4

Wind speed 13.5 m/s

Controller cross-over frequency (rad/s)

1.5

10863.6
11684.3
12139.4
13328.6
13576.6
13749.4
13868.7
13951.9

2.0

7164.0
8079.8
8748.2
10450.1
10786.3
11017.8
11176.0
11285.7

2.5

5217.2
61223
6998.4
92134
9627.8
9909.4
10100.3
10231.6

Wind speed 16 m/s

Controller cross-over frequency (rad/s)

1.5

214142
23003.7
23556.3
24350.9
24496.0
24596.6
7276.8
24714.0

2.0

13854.9
15540.2
16340.2
17567.2
17784.7
17934.4
18036.8
18107.7

2.5

9862.6

11350.0
12337.9
14052.3
14350.3
14553.3
14691.2
14786.3

Wind speed 20 m/s

Controller cross-over frequency (rad/s)

1.5

28362.0
30566.3
31256.8
31998.5
32116.5
32197.2
32252.2
32290.2

20

18182.2
20509.5
21503.0
22674.8
22857.5
22981.5
23065.7
23123.7

2.5

12811.7
14829.6
16027.0
17684.0
17942.5
18116.8
18234.5
18315.2

Wind speed 23 m/s

Table C.6 Standard deviation of gearbox torque (Nm) for first drive-train mode
with ideal damping
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3.0

2746.0
3666.5
4869.3
7895.4
8421.6
8773.2
9008.9
9169.8

3.0

4136.3
5044.8
6124.5
8828.3
9309.7
96333
9851.0
9999.8

3.0

7621.6
8874.2
9993.6
12222.8
12604.4
12861.6
13035.1
13153.9

3.0

9805.3

11437.8
12737.6
14903.5
15245.6
15474.5
15628.1
15733.0

35

24304
3499 4
4917.2
8317.1
8887.9
9266.7
9519.1
9690.5

35

3517.5
4491.7
5781.0
8949.2
9490.4
9850.7
10091.3
10254.9

3.5

6298.6
7407 .4
8645.1
11395.4
11858.8
12168.3
123753
12516.2

35

8031.5

9386.6

10747.4
13424.7
13853.1
14137.6
14327.4
14456.3

4.0

22479
35273
5201.5
9064.0
9690.5
10102.7
10385.6
10559.7

4.0

3090.2
4223.1
5778.5
9487.9
10096.5
10497.6
10763.4
10942.8

4.0

5323.8
6415.5
7840.3
11216.6
11772.5
12139.4
12382.7
12547.0

4.0

6722.0
7946.7
9426.8
12726.7
13256.0
13604.3
13834.9
13990.4



Drive-train

freq.(rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q2
3.5Q
4.0Q2
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q2
5.5Q

Drive-train
freq. (rad/s)
1.0Q2
1.5Q2
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q2
5.5Q

0.5

31385.7
29910.8
29808.3
30299.2
30081.1
29919.6
29806.1
297249

0.5

52324.8
49600.8
49005.9
48891.9
48712.5
48582.6
48491.1
48425.3

0.5

103262.3
97357.1
95744.5
94663.1
94460.6
94319.0
94218.8
94145.9

0.5

135417.6
127241.9
124955.2
123308.2
123065.1
122897.9
122777.9
122690.9

Table C.7 Standard deviation of gearbox torque (Nm).

1.0

16235.2
13478.2
13608.5
14993.1
14573.0
14254.1
14027.2
13864.0

1.0

275213
223474
21599.7
21954.1
21614.4
21363.6
21186.5
21059.4

1.0

56174.4
44830.9
42355.0
41086.0
40759.6
40528.9
40366.5
40249.1

1.0

75822.6
60007.7
56384.3
54195.8
538249
53567.1
53385.6
532539

Controller cross-over frequency (rad/s)

1.5

13492.0
9383.7

9701.0

11759.8
11209.8
10784.6
10477.9
10255.1

2.0

9870.2
7944.7
8428.6
10894.7
10263.5
9770.6
9412.1
9150.1

2.5

6117.4
7154.5
8175.6
10851.7
10154.6
9608.9
9210.7
8918.7

Wind speed 13.5 m/s

Controller cross-over frequency (rad/s)

1.5

23001.5
15284.9
14348.7
15212.0
14735.2
14376.8
14121.6
13937.6

2.0

16741.9
12627.4
11564.7
12845.6
12262.5
11818.0
11498.9
11267.4

2.5

10174.0
10904.2
10444.5
12041.3
11369.9
10854.2
10481.6
10210.1

Wind speed 16 m/s

Controller cross-over frequency (rad/s)

1.5

47430.6
30575.7
27136.0
25839.4
25398.6
25083.8
24862.3
24702.9

2.0

34451.5
25063.6
20796.1
19519.1
18970.0
18573.7
18294.3
18093.2

2.5

20651.5
21214.1
17650.3
16480.7
15826.5
153494
15011.6
14768.2

Wind speed 20 m/s

Controller cross-over frequency (rad/s)

1.5

64537.5
41114.5
36026.4
33501.7
33020.7
32684.7
32449.1
32279.0

2.0

46874.2
33763.3
27402.1
24604.0
24017.9
23605.9
23317.2
23109.5

2.5

27943.8
28527.2
22997.9
20070.3
19378.6
18888.6
18544.8
18297.7

Wind speed 23 m/s
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3.0

4302.8
6270.0
8493.2
11261.7
10496.3
9899.5
9463.7
9144.0

3.0

6936.5
8899.9
10159.2
12036.9
11282.8
10702.8
10282.5
9975.4

3.0

13792.1
16533.1
15899.1
15124.7
14368.9
13813.0
13417.8
131323

3.0

18522.2
22033.6
20352.7
17764.2
16968.4
16399.8
15999.8
15712.0

35

3457.2
5600.7
9081.0
11988.9
111429
10488.6
10012.1
9662.7

3.5

5361.7

7301.8

10262.6
12525.2
11682.4
11037.2
10569.6
10227.9

35

10399.5
12600.6
14675.0
14761.3
13903.7
13270.1
12818.3
12491.2

35

13857.9
16504.2
18280.2
16764.1
15865.2
152179
14761.0
14431.8

4.0

2986.0
53279
9856.1

13145.5
12183.8
11450.1
10918.2
10529.0

4.0

4397.4

6383.7

106233
13518.1
12555.0
11825.1
11297.7
10912.6

4.0

8245.7

9962.5

13720.3
151324
15132.4
14145.4
13416.2
12518.1

4.0

10892.2
12695.2
16412.1
16643.8
15614.7
14869.8
14342 4
13961.8



Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train
freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train

freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

Drive-train

freq. (rad/s)
1.0Q
1.5Q
2.0Q
3.5Q
4.0Q
4.5Q
5.0Q
5.5Q

0.5

0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93

0.5

0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46

0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.88

0.5

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Controller cross-over frequency (rad/s)
1.0 1.5 2.0 2.5 3.0 3.5 4.0

1.52 5.96 37.52 168.30  570.24 1594.52 3918.71
1.50 3.13 8.15 31.00 105.31  298.81  743.00
1.49 3.05 5.57 11.95 32.74 89.71 223.54
1.49 3.04 5.36 8.90 14.17 22.42 36.86
1.49 3.04 5.36 8.89 14.07 21.74 33.65
1.49 3.04 5.36 8.88 14.05 21.58 32.79
1.49 3.04 5.35 8.87 14.04 21.53 32.54
1.49 3.04 5.35 8.87 14.03 21.51 32.46
Wind speed 13.5 m/s

Controller cross-over frequency (rad/s)
1.0 1.5 2.0 2.5 3.0 35 4.0

0.71 1.91 11.29 50.52 171,15 47857 1176.12
0.71 1.16 2.57 9.35 31.62 89.69  223.00
0.71 1.14 1.85 3.70 9.88 26.95 67.10
0.71 1.14 1.79 2.81 4.37 6.81 11.12
0.71 1.14 1.79 2.81 4.34 6.61 10.17
0.71 1.13 1.79 2.81 4.33 6.56 9.91
0.71 1.13 1.79 2.81 4.33 6.55 9.84
0.71 1.13 1.79 2.81 4.32 6.54 9.81
Wind speed 16 m/s

Controller cross-over frequency (rad/s)
1.0 1.5 2.0 2.5 3.0 3.5 4.0

1.37 2.38 11.16 49.38 167.19  467.45 1148.80
1.37 1.86 3.04 933 30.96 87.64  217.83
1.37 1.84 249 4.10 9.88 26.43 65.59
1.37 1.84 245 3.36 4.77 7.06 11.16
1.37 1.84 2.44 3.36 4.75 6.87 10.26
1.37 1.84 244 3.36 4.74 6.83 10.01
1.37 1.84 2.44 3.36 4.74 6.81 9.94
1.37 1.84 2.44 3.36 4.74 6.81 9.92

Wind speed 20 m/s
Controller cross-over frequency (rad/s)
1.0 1.5 2.0 2.5 3.0 35 4.0

1.60 2.46 9.78 4276 144.65 40440 993.84
1.60 2.10 3.06 8.27 26.86 75.85  188.47
1.60 2.09 2.66 3.97 8.78 . 2297 56.80
1.60 2.09 2.64 3.41 4.59 6.50 9.99
1.60 2.09 2.63 341 4.57 6.35 923
1.60 2.09 2.63 341 4.56 6.32 9.03
1.60 2.09 2.63 3.41 4.56 6.30 8.97
1.60 2.09 2.63 3.41 4.56 6.30 8.95

Wind speed 23 m/s

Table C.8 Standard deviation of actuator acceleration (°/s?).
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Controller cross-over frequency (rad/s)

Drive-train 0.5 1. . ’

A 0 1.5 2.0 2.5 3.0 3.5 1.0
1.0Q2 1.76 1.65 1.63 1.76 2.67 5.81 13.18 27.98
1.50Q 1.76 1.65 1.62 1.69 1.94 2.55 3.94 6.81
2.00 1.76 1.65 1.62 1.69 1.91 2.38 3.24 4.70
3.5Q 1.76 1.65 1.62 1.69 1.91 2.37 3.17 4.46
4.00 1.76 1.65 1.62 1.69 1.91 2.37 3.17 4.46
450 1.76 1.65 1.62 1.69 1.91 2.37 3.17 4.46
5.0Q 1.76 1.65 1.62 1.69 1.91 2.37 3.17 4.46
5.5Q 1.76 1.65 1.62 1.69 1.91 2.37 3.17 4.46

Wind speed 13.5 m/s

Controller cross-over frequency (rad/s)

Drive-train 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

freq. (rad/s)
1.0Q 0.85 0.80 0.77 0.79 0.99 1.84 4.00 8.42
1.5Q2 0.85 0.80 0.77 0.78 0.82 0.96 1.32 2.13
2.0Q 0.85 0.80 0.77 0.78 0.82 0.92 1.13 1.53
3.5Q 0.85 0.80 0.77 0.78 0.82 0.92 1.12 1.46
4.0Q 0.85 0.80 0.77 0.78 0.82 0.92 1.12 1.46
4.5Q 0.85 0.80 0.77 0.78 0.82 0.92 1.12 1.46
5.0Q2 0.85 0.80 0.77 0.78 0.82 0.92 1.12 1.46
5.5Q 0.85 0.80 0.77 0.78 0.82 0.92 1.12 1.46

Wind speed 16 m/s

Controller cross-over frequency (rad/s)

Drive-train 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

freq. (rad/s)
1.0Q 1.56 1.49 1.43 1.41 1.52 2.14 4.08 8.31
1.5Q 1.56 1.49 1.43 1.41 1.42 1.50 1.74 2.40
2.0Q 1.56 1.49 1.43 1.41 1.42 1.48 1.61 1.91
3.5Q 1.56 1.49 1.43 1.41 1.42 1.48 1.60 1.86
4.0Q 1.56 1.49 1.43 1.41 1.42 1.48 1.60 1.86
4.5Q 1.56 1.49 1.43 1.41 1.42 1.48 1.60 1.86
5.0Q 1.56 1.49 1.43 1.41 1.42 1.48 1.60 1.86
5.5Q 1.56 1.49 1.43 1.41 1.42 1.48 1.60 1.86

Wind speed 20 m/s
Controller cross-over frequency (rad/s)

Drive-train 0.5 1.0 1.5 20 2.5 3.0 35 4.0

freq. (rad/s)
1.0Q 1.72 1.67 1.60 1.57 1.64 2.09 3.66 7.26
1.5Q 1.72 1.67 1.60 1.56 1.57 1.62 1.79 2.30
2.0Q 1.72 1.67 1.60 1.56 1.57 1.61 1.70 1.93
3.5Q 1.72 1.67 1.60 1.56 1.57 1.60 1.69 1.89
4.0Q 1.72 1.67 1.60 1.56 1.57 1.60 1.69 1.89
4.5Q 1.72 1.67 1.60 1.56 1.57 1.60 1.69 1.89
5.0Q 1.72 1.67 1.60 1.56 1.57 1.60 1.69 1.89
5.5Q 1.72 1.67 1.60 1.56 1.57 1.60 1.69 1.89

Wind speed 23 m/s
Table C.9 Standard deviation of actuator velocity (°/s).
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Machine parameter Machine parameter
I, 1.0337e6 kgm’ slip 1.5%
I, 55 kgm? Effy 0.929
K, 1.131e8 Nm/rad T, 0.05s
K, 4.85e6 Nm/rad p 3
N 40.9 0 50 Hz
Q, 2.599 rad/s

Table C.10 Machine parameters

(s —80)(s% +0.312s5 + 60.79321)
(s +245 +400)(s + 2.5)(s + 50)

s(s? +1.5594s + 60.79321)(s* + 50s + 2500)
(s> +40s +3600)(s* + 160s + 1600)

Phase Margin

Gain Margin

X Wind speed
(mv/s)
-1349.4 13.22
-472.5 16.00
-933.7 16.00
-576.4 20.10

77° at 1 rad/s
79°at 1 rad/s
67° at 2 rad/s
69° at 2 rad/s

10.9 dB at 4.09 rad/s
15.3 dB at 6.45 rad/s
9.4 dB at 6.45 rad/s
9.8 dB at 6.53 rad/s

Table C.11 The controllers used in Chapter 8.
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Appendix D Induction generator dynamics

In this appendix a simple model of an induction generator is derived which is used in
the model of the power train described in Appendix B. The description is a generalisation of

previous analysis of the generator dynamics (Bossanyi and Jervis, 1988).

D.1 Dynamics

The dynamics of an induction generator is presented with respect to an orthogonal
set of axes (the d-g axes) chosen to rotate at an arbitrary electrical angular velocity ©,=8,.
It 1s assumed that the stator windings are identical and therefore have an identical number of
effective turns, identical resistances, leakage inductances and self inductances. Similarly, the
rotor windings are assumed identical. Factors, which influence the dynamics but are
neglected, are the non-linear aspects of the magnetic circuit, the variation in resistance due to
temperature and frequency changes and the harmonic content of the M.M.F. wave.
Choosing the d-q reference axes to rotate at synchronous frequency o, i.e. @,=o,, and
noting that the rotor voltages are zero, since the rotor coils of a cage induction generator are
shorted together, the equations of motion (Krause and Thomas, 1965) for the fluxes, y, of a

three phase induction generator are

s | (K, -1 K, 0 Jlw,] [V,
; 1 K, 0 K, ||y 4
Vil _ g, ! Rl PO R (D.1)
qu K4 0 _‘K3 € qu 0
_\.V'dr_ bO K4 > —K3_ _Wdr_. L 0 J

(Dynamic equations, in terms of the fluxes rather than currents, is preferred since the former
facilitate the required reduction in the order of the equations). The suffices ¢ and d indicate
components resolved in the direction of the ¢ and d axes, respectively, and the suffices s and
r indicate stator and rotor quantities, respectively. (The primes indicate that the rotor
quantities are referred to the stator). The slip, €, is

£ = (pog — ;) 0 (D.2)



where @, is the rotational speed of the rotor, p is the number of pole pairs and the stator
voltages, V. and ¥, are related to the supply voltage £ by

Vis = E cos(w,t-6,) ; Vo = —E sin(w,-0,) (D.3)
with (0,7-8;) constant. The dimensionless coefficients, K, i=1,4, are defined

K, = rs(X;, +X,)a ; Ky,=rX,/a
L . (D.4g)

K3 = r,.(Xls +Xm)/a s K4 = erm/a
with

a= Xller + Xle'r + Xles (D.5)
where r is the stator resistance and r,' is the rotor resistance. The stator leakage reactance

X, the rotor leakage reactance X ;, and the magnetising reactance X, are related to the stator

leakage inductance L;,, the rotor leakage inductance L',, and the magnetising inductance M,
respectively by
Xis = 05l ; Xl'r'_'msL'lr ; Xm=0 M (D.6)

The generated power, P, is

3 ' \
P = 5((K1\Vqs—K2\|lq,)Vqs Irg + (K g =KW g W /rs) (D.7)

and the generator reaction torque, T, is

3 ) ]
T = S P/(057).K; (YorVas ~VarVgs) (D.8)

Of course, (D.1) does not represent the complete set of dynamics. Although, the
turbine is assumed to be connected to a reasonably strong grid, there is a voltage drop across
the local power network connecting the wind turbine and, possibly, other turbines in a wind
farm to the grid. Nevertheless, the voltage drop is small and the dynamic interaction is
weak, since power losses in the local power network are small. Hence, the supply voltage,
E, may be considered an external input and essentially the same as the grid voltage during
normal operation.

The steady state solution of (D.1) is
Vo[K 2 +K3(K K3-K 1K) - Vyle?-K K £+K]]

(K K;-K;K,)? + K2 - 2K,K & + (14K} )e?]

(D.9)

quo =

Voel62-K,K e+K3] + Vy [K (82 +K;5(K K3-K K )]
[(K,K;=K,K,)* + K2 - 2K,K & + (14K} )E?]

Vdso =

(D.10)
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W =
T UKK3-KyK ) + KG - 2K K & + (14K )e?] (®-1D)
V= VisIK3K—K K €] + Vi [K e+ K (K K;-K,K )] D.12
dro= :
" (K K3-KK,) + KG - 2K,K e + (14K )e?] (D.12)
with generated power
© 2 TUKK-KGK)? + KT - 2K,K 6 + (14K 2)e?] ®-13)
generator reaction torque '
3 K,K jcE?
Tg,= —pl(@,r,). 27 14
° 20 UK KK ) + KF - 2K,K 6 + (14K )e?] (0.14)
and slope of the toque/speed curve
dT; , de [K? + (K,K;-K,K,)? - (1+K?)e?
D,= —< = pTg,/(a€). ? 12 : 22 - (E)) ]2 72; (D.15)
d8 dCO, [(K1K3—K2K4) +K3 _2K2K48+(1+K1 )S ]

The per-unit parameter values, for a 60 Hz induction generator, are

X, = 3.6665 ; X, = 0.0869 ; X, = 0.090 ; r, = 0.0374 ; r, = 0.0154
The generator has a rated power of 330 kW at 1.44 % slip with 2 pole pairs and a supply
voltage of 480V. From (D.13), (D.14) and (D.15), the power, reaction torque and slope of
torque/speed curve at rated are 330.8 kW, 1823 Nm and 679.3 Nm.s/rad, respectively, which
are in very good argument with the manufacturer’s data sheet. The efficiency, Eff, of the
generator

Eff=P,/(®,Tg,)=0.949.

D.2 Reduced order dynamics

Typically, the X; and ¢ are all much less than 1, e.g. for the 60 Hz generator

K, =0.2139; K, =0.2087; K;=0.08811; K,=0.08607
and at rated

£=0.0144
Hence, the time scale associated with the time evolution of \u'q, and w'd, is much slower than
that for Wes and y . When equations (D.1) are linearised about the rated operating point,
the eigenvalues of the above generator are -33.0 + j 1.25 and -80.9 + j 372.7 clearly
indicating the fast and slow time scales. The dynamics can be treated as a singularly
perturbed systems (Kokotovic, 1986). Retaining only the slow dynamics, the equations of
motion (D.1) simplify to
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Vol (U+KD) | AQ+KDe-K,K,]  ~[K;+K,(K,K; - K,K,)]

[‘i’qr]-_- —9s ["[K3 + K, (K K3 - KKl [(1+ K] )e - KK, ] Jl:\l’;r
+ o,K, [Kqus - Vds]

‘"d’}(b.ls)

(1+K12). Vqs + KlVds
with
\Vqs _ K2 K] -1 \Vqr 1 Kqus - Vds
= 1 Dt T3 (D.17)
Power (kW) Torque (kNm) Power (kW) T
350 —— 1.92 430 - (.m_]ue “";'3"3
.17 o
340 , /', 1.87 380 / 2.09
A /
330 +——— °"/ 1.82 330 ——— "'/ 1.80
000 006 012 018 024 030 000 006 012 018 024 030
. - Time (seconds) Time (seconds)
a) The open l.oop time response of (D.1) to b) The open loop time response of (D.1) to
a 5% step in slip. a 30% step in slip.
Power (kW) Torque (kNm) Power (kW) Torque (kNm)
350 R 192 430 S — 2.38
Y R /?‘_'f
340 » 1.87 / 2.09
4 380
p /
oy B 1.82 330 === ] 180
000 006 012 018 024 030 000 006 012 018 024 030
Time (seconds) Time (seconds)
c) The open loop time response of (D.16)to  d) The open loop time response of (D.16) to
a 5% step in slip. a 30% step in slip.
Power (kW) Torque (kNm) Power (kW) Torque (kNm)
0 ————— T 1.92 430 — 238
4 . /
340 ‘}' 1.87 380 / 2.09
W
330 +~—— —= / 1.82 330 +———— = / 1.80
000 006 012 018 024 030 000 006 012 018 024 030
Time (seconds) Time (seconds)
e) The open loop time response of (D.18)to  f) The open loop time response of (D.18) to
a 5% step in slip. a 30% step in slip.

Key: — Power Torque

Figure D.1 Step responses of slip for the 60 Hz generator.

When equations (D.16) are linearised, the eigenvalues are -31.8 £ j 1.05 in close argument,
as required, with the slow eigenvalues of (D.1). The time responses of both systems (D.1)
and (D.16) to 5% and 30% steps in slip for the 60 Hz generator, Figures D.1a to D.1d, and
5% steps in ¥,, and V,, Figures D.2a to D.2d, confirm that the dynamic response of the
generator is dominated by the slow dynamics and that the dynamics of the generator are well

represented by (D.16). The higher frequency component is only evident in the responses to



steps in ¥, and ¥, but the discrepancy is unimportant, in the context of this paper since step
changes in V,, and V, represent external disturbances to the power train and the higher

frequency is outside the frequency range of interest.

Power (kW) Torque (kNm) Power (kW) Torque (kNm)
400 2.00 410 230
----- - - - 3‘ "‘ l' s - : . —
300 \Uﬂ/f 1.60 360t - S \VAV\-\ --------- 1.80
200 1.20 310 1.30
000 006 012 018 024 030 000 006 012 0.8 024 030
) Time (seconds) Time (seconds)
a) The open loop time response of (D.1) to b) The open loop time response of (D.1) to
a5%stepin V. a 5% step in V.
Power (kW) Torque (kNm) Power (kW) Torque (kNm)
400 2.00 410 230
i, ;/ R A St
300 b 1.60 360 4—=——== ==z 1.80
200 1.20 310 1.30
000 006 012 018 024 030 000 006 012 018 024 030
’ Time (seconds) Time (seconds)
c) The open loop time response of (D.16) to d) The open loop time response of (D.16) to
a5%stepin V. a5%stepin V.
Power (kW) Torque (kNm) Power (kW) Torque (kNm)
400 2.00 410 2.30
300 Pl 1.60 360 $=—snv L G B e 1.80
200 1.20 310 1.30
000 006 012 018 024 030 000 006 012 0.I8 024 030
Time (seconds) Time (seconds)
¢) The open loop time response of (D.21) to f) The open loop time response of (D.21) to
a5%stepin V. a 5% step in V.
Key: — Power  ~°°°7° Torque

Figure D.2 Step responses of voltage for the 60 Hz generator.

D.3 Simple linear models
When equations (D.16) are linearised about the rated operating point, the transfer
function relating changes in slip, Ag, to changes in torque, AT, is

drT,
AT, =TG—.H(s).As (D.18)
€

where
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{K; + K;(K;K; - K,K,)}
(K2 +(K; K5 - KK ) - (14 K2)e?)
(1 + K})
{K} +(K,K; - K;K () -2K,K 6+ (1+ K2)e?)
2{K; +K,(K,K; ~ K,K,)}
(KT +(K;K; - K;K,)? = 2K,K 6+ (1+ K?)e?)

[(S/(OS) +1]

H(s)=

(D.19)
[(s/®,)?

+(s/wy)

+1]

The change in power, AP, is related to the change in AT; by

AP = ATgo g, Eff (D.20)
The time responses of the linear second order model, (D.18) to (D.20), to 5% and 30% steps
in slip for the 60 Hz generator, Figures D.le and D.1f, are very similar to those of the non-
linear models (D.1) and (D.16).

The transfer functions relating changes in supply voltage components, AV, and AV,

to changes in torque, ATy, are
AT, =—(1TGT.Q,(S).AVqS . AT, = —EIZG—.QZ(S).AV‘,S (D.21)
4G Vg) 4 Va)
where
(22 +K31e = K3K,) Vs = (K3 + K (K K3 = KoK ) Vi)
@, 2e{K3 +(K;K; - K;K)? —2K,K €+ (1+K%)e?)
s  2e(K; + K (K K3 - K,K,)) Vi = (K5 + (K K3 - K,K,)? = (1+K5)E?) V)

+—) +V,
0,(s)= Os 2e{K} + (K,K; - K;K,)* - 2K, K 6 + (1+K)e?) “
1 ()=

(=) (1+K3)
0, {K2+(K;K; - K K )2 -2K,K .6 +(1+K3)e?}
() 2{K; + K,(K,K;3 - K,K,)}

0, {K? +(K;K; - K;K,)? -2K;K €+ (1+K3)e?}

+1]
(D.22)

and
K; + K (KiKy ~ K;KQ) Vs + (1+KDe+ KK Vas} |
2e{K? +(K,K; - K,K,)? - 2K, K & + (1 +K})€?)
(K} +(K,K; ~ K;K,)? — (L+K7)e?) Vi + 26(K; + K (KiKs — KoK)) V) |
2e{K? +(K,K; - K,K,)? - 2K,K &+ (1+KDe?)
(1+K3)

(K2 +(K,K; - KoK )P - 2K,K e+ (1+K7)e’)
2{K; + K;(K,K; - K,K,)}

(K2 +(K,K; - K;K,)? -2K,K & + (1 +K7)e?)

[(s/ @) L

(s/w,) Vsl

Q,)=

[(s/ 0,)?

+(s/ay)

(D.23)
The time responses of the linear second order models, (D.21) to (D.23), to 5% steps in V,,
and V,, for the 60 Hz generator, Figures D.2e and D.2f, are again very similar to those of the
non-linear models (D.1) and (D.16) in particular. Assuming
AV, = AE cos(a t-0,) ; AV, =-AEsin(og-6,) (D.24)



which is sufficient for investigating the dynamic response of the drive train to grid faults, the

transfer function, relating changes in supply voltage, AE, to changes in torque, ATy, is

dT, dT,; 2T,
AT =—2 0(s).AE ; —S="FC0
6= 4g O(s)  E T E (D.25)
where
(/0.) ((1+K7)e - KK, }
R
2e{K3 +(K;K3 - K,K,)? -2K,K e+ (1+K3)e?)
+(s/0,) {K3; +K,(K,;K; - K,K,)} 1]
K2 +(K,K;-K,K,)? -2K,K e +(1+K2)e?
0(s) = K35 +(K;K; - K;K,) 2Ky +(1+K7)e”} (D.26)

(1+K?)

(K} +(K,K; - K,K,)? - 2K,K e +(1+K2)e?)

(K} +(K;K; - K;K ) - 2K,K e +(1+K%)e?}

[(s/w,)°

+(s/w)

The time response of the model (D.26) to a 5% step in £ for the 60 Hz generator is depicted

in Figure D.3.

Power (kW) Torque (kNm) Power (kW) Torque (kNm)

370 2.10 W 77— 2.00

e /’ -
345 1.90 -100 4 0.00
......... 4
320 1.70 -600 -2.00
000 006 012 018 024 030 000 006 012 018 024 030
Time (seconds) Time (seconds)
Key : — Power = "°77° Torque

a) The open loop time response of (D.26) to a b) The open loop time response of (D.28)

5% step in E. to a 5% step in phase in 0,

' Figure D.3
Assuming

Vs + AV, = Ecos(0,t-8,-A0,) ; Vy+AV, = -Esin(o -0,-40,) (D.27)
the transfer function, relating changes in the phase of the supply voltage, A8,, to changes in

torque, ATy, is

ATz = (@, / p)D,.R(s).A8, (D.28)
where
{K; + K (K, K3 - K3 K4)}
(s/o,) ( > ) + 1]
Rle)= [ o) (K3 + (K K5 - K2K4)22- 2K, K, e + (1+K3)e?) D.29)
2 (1+K1)
[(s/ay)

2\.2
(K} +(K\Ky - K3K,)? - 2K,K,6+ (1+K1)e"}
2{K; + K, (K, K5 - K, K, )}

+1]
(K2 + (KK, - Ky K,)? - 2Ky K8+ (1+K)e?)

+(s/o;)
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The time response of the model (D.29) to a 5% step in 8, for the 60 Hz generator is depicted
in Figure D.3b.

The frequencies of the poles of (D.19) are close to the frequency of the zero since
[Ks + K,(K,K;3-K;Ky))

= I/K
(K} + (K;K;-K,K,)? - (1+K?)e?)] 3
and
(1+K7) VK2
(K2 + (K, K;-K,K,)? - 2K,K e+ (I+K2)e?] 3
[Ks + K, (K, K;-KK4)] . UK
(K} + (K,K;-K,K,)? - 2K,K e+ (I1+K2)?] °
Hence, the transfer function H{(s) may be approximated by
. 1
H'(s) = (D.30)
= — .
[(s/w,) [K; + K (K K3-K,K)] +1]

VLK + (K K5-KoK )t~ (14K ] )e?]
The Bode plots for H(s) and H*(s) are depicted in Figure D.4 showing the close agreement.

M(;tgnitude dB Phase (dcgoree) M(;lgnitude dB Phase (degree)
— — 0

.10 : 430 -10 - 430

.20 : \\ 60 -20 - -60
.30 _~---N .90 -30

0.1 1 10 100 100 0.1 1 10 001000
Frequency (rad/s) Frequency (rad/s)
Magnitude - - - - - Phase Magnitude - - - - - Phase
a) Bode plot of H(s) b) Bode plot of H'(s)

Figure D.4 Dynamic relationship of Ae to AT

Similarly, the transfer function R(s) may be approximated by
(s/ay)
{K;+K,(K,K;-K,;K,)} £ 1] (D:31)
K2 +(K,K;-K,K ) -(1+K e}

R'(s) =

[(s/o)

However no corresponding simplification of Q(s) is possible.

It follows from the above that a simple linear model for the generator dynamics, with
the supply voltage constant, is

tT; + Tg = D,(0g - 0,/p) (D.32)
where the time constant, 1, is

[K; + K, (K, K;-K,K,)]
T= 3 I\ 3 zz—‘ =3 (D.33)
o,[K3 + (K,K3-K;K)" - (14K} )e]

For the 60 Hz generator, the time constant is 31 msecs. The equation of motion for the

mechanical aspect of the generator dynamics is
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log =T - T; - yop (D.34)
where [ is the generator rotor inertia, y is the viscous damping coefficient and 7, is the
external driving torque applied to the generator. The combined electrical and mechanical
dynamics are depicted in Figure D.5. In general, the generator rotor inertia is small and

D,/ Iis much greater than 1. Consequently, the electrical dynamics of the generator are

enclosed in a strong feedback loop and the disturbances due to AE and A9, are rejected.
Hence, any difference in the combined electrical and mechanical dynamics, when replacing
the full non-linear description of the generator electrical dynamics (D.1) by (D.32) and the
simple first order linear description (D.28), is minimised.

The simple model (D.32) is used to model the generator dynamics in Chapter 3,

Appendix B and Chapter 4.

AE AB,
l ) |
dr, | . |
(Ds/p d—EQ(S) ‘ (cos/p) DeR (S)T
_ L T )
T, B D, >éﬁ T,
— - — X e
ISJ Ts +1 i
y |

Figure D.5 The combined electrical and mechanical dynamics of the generator.
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Appendix E Comparable machines

To compare the performance of wind turbines with different numbers of blades or
power ratings without favouring one configuration over another, scaling of certain
parameters is required. To obtain a set of comparable or ‘equivalent’ machines presents
some difficulty as manufacturers tend to favour the characteristics they have used in the past
(Armstrong, 1995). Table E.1 describes some characteristics of the wide variety of machines
which have been built. This appendix describes the assumptions which have been made and
the scaling which has been undertaken in an attempt to achieve a set of comparable
machines. The appendix is in two parts. First it considers the scaling of comparable two-
and three-bladed rotors. Secondly, it considers the effects on machine parameters of
increasing rated power and varying rotor velocities. The majority of the relationships are

based on simple scaling rules and are used to obtain the results described in Chapter 5 and 6.

Make Size No. of blades | Rotorradius | Tip speed
Nibe B 630 kW 3 20m 71 m/s
WTS 75 Nassudden 2MW 2 37.5m 98 m/s
Howden 330/33 330 kW 3 16.5m 60 m/s
Howden 1000/45 1 MW 3 27.5m 70 mv/s
WEG MS3 300 kW 2 16.0m 84 nv/s

Table E.1 Examples of different commercial wind turbine configurations

E.1 Equivalent rotor designs for two- and three-bladed machines

To obtain a set of unambiguously equivalent rotors to enable the comparison of two-
and three-bladed wind turbines presents some difficulty (Jamieson and Brown, 1992).
Harrison ef al. (1990) and Platts (1990) both suggest that it is appropriate to compare blades
of the same size for three- and two-bladed rotors. This implies a solidity ratio of 2/3 and tip
speed ratio of 3/2 for the two-bladed rotor compared to the three-bladed rotor. If the tip
speed of the three-bladed rotor is in the region of 60 to 70 m/s as is normal commercial
practice, then a two-bladed machine with a tip speed in the range of 90 to 105 m/s would be

unaccepiable where noise is an issue. Such an increase in tip speed could also not be



accommodated without changing materials and stress limits. Commercial practice does not
exhibit any general rules, see Table E.1, but three-bladed rotors usually have a lower tip
speed than two-bladed rotors.

To ensure a fair comparison each rotor should be subject to similar stresses and the
below rated performance should be similar. Hence a possible choice of criteria for
comparable rotors is that they have

(1) the same root stress;

(i) the same rated wind speed and similar performance below rated wind speed

(Jamieson and Brown, 1992).

Two and three-bladed rotors are designed using aerodynamic strip theory (computer
code - Anderson, 1990b) ensuring that the rotors have the same stress at the blade root and
the same rotor weight (the blades being made of the same material). The following
assumptions are made for each machine of the same power rating.

(a) The radii of the rotors are the same.

(b) The tip speeds are such that the stress at the blade root is the same for each

machine; therefore the tip speeds vary.

(c) The blade profile - the LS1 aerofoil - can be scaled to achieve criteria (i) and (ii).

(d) The twist of the blades is the same on all rotors.

The assumption that the stress at the blade root is constant is an over-simplification as it
takes no account of the design differences which will result if the two bladed machine is
teetered as is usually the case.

Equivalent rotors are also required for the comparison of 300 kW and 1 MW rotors.
There are intrinsic scaling rules applicable to increasing size (Frandsen et al., 1984) and the
assumptions made are discussed in Section E.2.

The section modulus of an aerofoil, as shown in Figure E.1, is proportional to
(T/¢)*(t/¢)* (x/¢)*®c® (Jamieson, 1991) (E.1)

where ¢ is the chord
t is the thickness of the load bearing section
T is the depth of the chord |

x is the width of the load bearing section

Figure E.1 An aerofoil.
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On scaling the blade profile, 7/c and x/c are constant so the section modulus scales as
0.7 ¢23, Since, the stress on a blade, o, is inversely proportional to the section modulus

(Jamieson, 1991) and the number of blades, it follows that

-0.7 -23 -1
n Cno N (E.2)

§, ot

n
where

t, 1s the thickness of load bearing section on a n-bladed machine

¢, is the chord of a blade on a n-bladed machine

n 1s the number of blades
Since n ¢, is proportional to solidity, the optimum rotor speeds are related such that n c,
Q) is constant (Jamieson and Brown, 1992) where Q, is the rotor speed of a n-bladed
machine. Therefore,

Qe (nc,)! (E3)
Using (E.2), two and three-bladed rotors have the same root bending stress provided

(2,/t5)07 = 3/2 (c;/c,)?3 (E.49)
However, to obtain rotors of equal weight

2¢,1,=3¢c;14 (E.5)
Hence using (E.5), to eliminate ¢, and ¢; from (E.4)

(cy/cy)1-6=(2/3)03
and thus

cy/c,=0.9268
From (E.3), it follows that

Q,/Q3=3/2 c;/c,=1.39

The basic reference rotor is chosen to be a three-bladed rotor similar to that of the

Howden HWP33/330. It has a radius of 16.5 m and a rotor speed of 3.64 rad/s which is

equivalent to a tip speed of 60 m/s. The blade sections are the LS1 aerofoil. The rotors of

the machines investigated in Chapters 5 and 6 are based on this Howden rotor as follows.

E.1.1 Equivalent rotors for the 300 kW machines

From the above analysis for the 300 kW machines, a two-bladed rotor with the same
root bending moment as the three-bladed rotor has a tip speed of approximately 84 m/s and a
chord 1.079 times that of the three-bladed machine. The radius is chosen to be the same as

the three-bladed rotor and hence the rotor speed is 5.09 rad/s.



Power (kW)

Table E.2 Machine parameters for 300 kW Figure E.2 Power curves for full-span

machines with equal stress at the blade root. regulated machines with Rotors I and II.

The details of the two rotors are summarised in Table E.2 and the corresponding
power curves are shown in Figure E.2. The power curve for the two-bladed wind turbine is
very similar to that of the WEG MS3. However, the two curves in Figure E.2 differ below
rated power, 300 kW, and hence do not satisfy design criterion (ii). Hence a second
definition of equivalent rotors is also considered.

The properties of the two-bladed rotor are satisfactory, but the three-bladed rotor must
be amended for the two rotors to be considered equivalent. Criterion (i) for equivalent rotors
must be relaxed. It can be replaced by the requirement that three-bladed rotors have the

same tip speed as the two-bladed rotor and the same solidity, that is, 2¢, = 3c;.

The blade profile of the two-bladed rotor in Table E.2 is scaled to obtain blade profiles
for the three-bladed rotors, see Table E.3. The corresponding power curves are shown in
Figure E.3a. The power curves are not similar for below rated wind speed. Fortunately
relatively slight changes in radii and compensatory changes in blade profile reduce these
differences. The properties of the three-bladed rotor, so obtained, are summarised in Table

E.3 and Figure E.3b.
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Rotor I IT
No. of blades 2 3 1000 - oo
Radius (m) 16.5 16.5 [x =
Tip speed (m/s) 84 60 800 |
Rotor speed (rad/s) | 5.09 3.64
Rated power (kW) 300 300 ]
600 + |

Blade profile -

Radius | Twist Chord Chord _~M
0.662 11.5 0.964 1.110 400 + 5 f
3.000 | 11.5 1.929 2.219 Ve
4.000 ; 1.821 2.096 e
5.000 - 1.731 1.992 200 % ~5-Rotor |

10.000 5.0 - - —— Rotor II

14.000 - 0.845 0.973 A L 1

15.500 . 0714 | 0821 0 0 s 20 ;

16.500 0.0 0.536 0.616 Wind speed (m/s) -

N



Rotor II1 Rotor IV
Scaled from two bladed rotor Adjusted rotor radius
Rotor radius = 16.5 m Rotor radius = 16.15 m
Radius Chord Twist Radius { Chord Twist
0.662 0.643 11.5 0.648 0.657 11.5
3.000 0.876 11.5 2.936 1.314 11.5
4.000 0.827 - 3915 1.240 -
5.000 0.383 - 4.894 1.179 -
10.000 - 5.0 9.788 - 5.0
14.000 0.563 - 13.703 0.575 -
15.500 0.476 - 15.171 0.486 -
16.500 0.357 0.0 16.150 0.365 0.0

Table E.3 Blade profile for three-bladed rotors with a tip speed of 84 m/s for various radii.

Power (kW) Power (kW)
1000 1000

8004 800¢

6007 600+

—o—Rotor I
400+ —o—Rotor | 400+ —o—Rotor IV
—— Rotor II1
200+ 2001
0 + —_— + 0 ! + +—
5 10 15 20 25 5 10 15 20 25
Wind speed (m/s) Wind speed (m/s)
a) b)

Figure E.3 Power curves for Rotors III and IV.

The performance of the two-bladed rotor is acceptable as a basis for comparison.
However, as discussed earlier, the speed of the three-bladed rotor is expected to be less than
that of the two-bladed one. Hence this approach is not entirely satisfactory either.

A compromise between the two approaches described probably represents the best
approach to defining equivalent three-bladed rotors. The rotor speed for the three-bladed
rotor is chosen to be 66 m/s. The radius of the rotor is chosen so that the below rated
performance of all three rotors is similar. The properties of the three-bladed rotor, so
obtained, are summarised by Tables E.4.

The set of rotors chosen for the purpose of comparing the performance of different
wind turbine configurations are Rotor I of Table E.2 and the Rotor V of Table E.4.
However, to investigate the sensitivity of performance to tip speed, the set of rotors is
enlarged by the inclusion of Rotor IV of Table E.3. The power curves of the three rotors
with no control are shown in Figure E.4. The blade pitch angle corresponding to rated power
as wind speed varies is depicted in Figure 5.1 for all three 300 kW full-span regulated rotors.
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The corresponding torque tables for each of the three rotors, together with the aerodynamic

torque partial derivatives are given in Tables G.1 and G.2.

Rotor V - rotor radius = 16 m Power (kW)
Radius | Chord | Twist 1000
0.642 0.873 11.5 800
2.909 1.856 11.5
3.879 1.753 - 600 1 :
4.848 1.666 - 400 | " _o-2 blades, 5.09 rad/s
9.697 - 5.0 200 | ——3 blades, 4.125 rad/s
13.576 0.814 - ~ ——3 blades, 5.201 rad/s
15030 | 0.687 0 I 3 70 35
16.000 0.5'16 0.0 Wind speed (m/s)

Table E.4 Blade profile for three-bladed Figure E.4 Power curves for Rotors I, IV and V
machine with a tip speed of 66 m/s. with no control.

Configurations with part-span regulation are also investigated. Suitable tip sizes for
each of the three rotors are chosen on basis of the requirement that the tips would be used to
shut down the machine in a 30 m/s wind speed. The tip sizes for each rotor are given in
Table E.5. The tip pitch angle corresponding to rated power as wind speed varies is depicted
in Figure 6.1 for all three 300 kW tip-regulated rotors. The corresponding torque tables for
each of the three tip-regulated rotors, together with the aerodynamic torque partial

derivatives are given in Tables G.3 and G.4.

Number of blades 2 3 3
Tip speed (m/s) 84 84 66
Radius (m) 16.50 16.15 16.00
Tip length (m) 3.5 3.5 3.0

Table E.S Tip sizes for each of the 300 kW tip regulated machines.

E.1.2 Equivalent rotors for the 1 MW machines

For the 1 MW machines the basic reference rotor was initially chosen to be a three-
bladed rotor similar to that of the Howden HWP55/1000 machine at Richborough. It has a
radius of 27.5 m and a rotor speed of 2.544 rad/s (Leithead et al., 1991a), which is equivalent
to a tip speed of 70 m/s. The blade sections are the LS1 aerofoil. The Richborough
machine is a tip-regulated machine with a tip 4 m long. However, using the aerodynamic
torque coefficient program (Anderson, 1990b) the tip angle versa wind speed curve for rated
power is not monotonic at high wind speeds. Hence a machine with these aerodynamic
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characteristics is not controllable on high wind speed sites if the changes in the aerodynamic
gain due to changes in wind speed are scheduled as described in Appendix C. It was
investigated whether this problem could be avoided by increasing the length of the tip.
However, due to the internal inaccuracy of the acrodynamic program, it predicted that the tip
was required to be 6 m long before the tip angle versus wind speed curve was monotonic. A
tip this size (relative to the rotor radius) loses the aerodynamic features of a tip-regulated
machine compared with a full-span pitch machine and hence was considered unrealistic. For
this reason the rotor radius was increased to 30 m and the solidity of the blade adjusted
accordingly. It should be noted that this is rather large for a | MW wind turbine when
compared with the size of | MW wind turbines being developed under CEC JOULE (e.g
ELKRAFT 1 MW, a full-span pitch regulated machine which has a rotor radius of 25 m).
However, to ensure that the rotor behaviour for all the | MW machines considered is similar
when in below-rated wind speeds a rotor radius of 30 m is chosen. In reality the radius of a
1 MW full-span pitch regulated machine would probably be smaller than this.

As with the 300 kW machines, three 1 MW rotors were considered. The two-bladed
rotor has a tip speed of approximately 84 m/s and the tip speed for the three-bladed rotor is
chosen to be either 66 m/s (which has a similar rotor bending moment to the two-bladed
machine), or 84 m/s (which has a same solidity to the two-bladed machine). As previously
the radii of the rotors are adjusted slightly so that the below rated performance of all three
rotors is similar. The properties of the three rotors, so obtained, are summarised in
Table E.6. The power curves of the three rotors with no control is shown in Figure E.5. The
blade pitch angle corresponding to rated power as wind speed varies is depicted in Figure
5.1 for all three 1 MW full-span regulated rotors. The corresponding torque tables for each
of the three rotors, together with the aerodynamic torque partial derivatives are given in
Tables G.1 and G.2.

Suitable tip sizes for each of the tip-regulated machines are chosen on basis of the
requirement that the pitch versus wind speed curve is monotonic with increasing wind speed
and the machine can be braked in 30 m/s wind speed. The tip size for each tip is given in
Table E.7. The tip pitch angle corresponding to rated power as wind speed varies is depicted
in Figure 6.1 for all three 1| MW tip regulated rotors. The corresponding torque tables for

each of the three rotors, together with the aerodynamic torque partial derivatives are given in

Tables G.3 and G.4.



Rotor VI VIl VIII
No. of blades 2 3 3
Radius (m) 30.0 29.44 29.33
Tip speed (m/s) 85 84 66
Rotor speed (rad/s) 2.8 2.85 2.25
Rated Power (kW) 1000 1000 1000
Blade profile
Twist Radius | Chord | Radius | Chord | Radius | Chord
11.5 1.204 | 1.752 | 1.181 1.191 1.177 1.674
11.5 5.454 | 3.505 | 5.353 | 2.381 5.333 | 3.347
- 7273 | 3310 | 7.137 | 2249 | 7.110 | 3.161
- 9.091 | 3.147 | 8921 | 2.139 | 8888 | 3.005
5.0 18.182 - 17.842 - 17.776 -
- 25454 | 1.536 | 24979 | 1.044 | 24.886 | 1.467
- 28.182 | 1.297 | 27.656 | 0.881 | 27.552 | 1.239
0.0 30.000 | 0974 | 29.440 | 0.661 | 29.33 | 0.930

Table E.6 Rotor parameters for | MW machines.

Power (kW)
4000
3000 ¢
20001
10007 *~ Rotor VI
0 ot : > Rotor VIII
5 10 15 20 25
Wind speed (m/s)

Figure E.5 Power curves for Rotors VI, VII and VIII with no control.

Number of blades 2 3 3

Tip speed (m/s) 84 84 66
Radius (m) 30 29.6 294
Tip length (m) 5.12 5.14 5.00

Table E.7 Tip sizes for each 1 MW configuration.

E.1.3 Discussion

Two- and three-bladed machines have been compared by, amongst others, Platts
(1990) who claims that two-bladed machines are cheaper to build. However, Platt (1990)
compared machines with blades of equal weight and assumed that weight is directly
proportional to cost. In an attempt to be more realistic, the rotors designed here and
compared in Chapters 5 and 6 are assumed (see Table 5.1) to have either similar weights,
e.g. Rotors I and IV, and VI and VIII (where the weight has been maintained by adjusting
the load bearing thickness of the airfoil), or similar solidities (in which case the three-bladed
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rotor is approximately 50% heavier than the two-bladed one , i.e. Rotors I and V, and VI and
VII. It could be argued that the comparisons of Rotors I and IV, and VI and VIII are not
totally realistic since it has been assumed that the load-bearing thickness of the aerofoil of a
two-bladed machine is greater than that on a three-bladed machine. However, to provide a
valid basis for comparison it was necessary to make this assumption. In practice, however, if
the aerofoils of a two-bladed machine and a three-bladed one had identical load-bearing
thicknesses, the rotor of the three-bladed machine would weigh 30% more than that of the
two-bladed machine and not 50% more as assumed by Platts (1990). The extra weight
would require larger bearings at the hub. This additional mass, and hence increase in rotor
inertia, although costing more in materials, would improve power control performance (see
Chapter 3).

Unlike three-bladed machines, two-bladed machines also require a teetering
mechanism at the hub to reduce the otherwise unacceptably large flap-wise blade loads.

Table E.8 gives a summary of some of the pros and cons of two- and three-bladed

wind turbines.

Two blades Three blades
Advantage Less material to build rotor. No teetering required.
Disadvantages | Requires teetering More material to build rotor.

Table E.8 Comparison of the advantages of two- and three-bladed machines.

For full-span regulated machines, the blades are normally actuated in unison at the
hub where space is not too limited. On tip-regulated machines, separate actuators at the tips
are required where space is very limited and some ‘communication’ is needed from the tips
to the hubs where synchronisation is normally controlled. This communication could be, for
example, by cables or hydraulics. Tip devices are lighter than full-span devices and so faster
actuator accelerations and velocities can be achieved on tip-regulated machines for the same
motive force. If tip devices are electromechanically driven there may be safety implications
due the risk of lightening strikes (Agius et al., 1993). Hence tip-regulated machine actuators
tend to be hydraulically driven. The long stretch of hydraulic piping required leads to
problems with tip synchronisation as seen on the Howden HWP1000/45 machine at
Richborough (Leithead et al., 1991a). Tip devices may also require additional structural
mass to support the tip actuators and hence increase slightly the rotor inertia.

Assuming steady-state loading, the use of full-span blade pitch gives rise to higher
fatigue loading at the blade root (40% on Howden HWP330/33 - Anderson, 1990a), but
lower fatigue loading at the tip joint (60% on Howden HWP330/33 - Anderson, 1990a).
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Table E.9 summarises the advantages and disadvantages of full-span and tip

regulation.
Full-span Tip
Advantages No problem with space for Lighter inertia - possible actuator rates faster.
actuator nor synchronisation Worse flap-wise tip moments (Anderson,
1990).
Disadvantages | Worse root flap-wise moments | May need more structure in tip to support
(Anderson, 1990). actuator mechanism.
Long hydraulic pipes or electrical wires from
hub to tips
Problems may arise in space to fit actuators in
tip.
Problems may arise with synchronisation

Table E.9 Comparison of the advantages of full-span and tip regulation.

E.2 The effects of power rating and rotor speed on machine

parameters

E.2.1 Wind model

The wind model depends on the size of the rotor and hub height as explained in
Appendix A. In keeping with commercial practice, a hub height of 30 m was assumed for

the 300 kW machines, while 50 m was assumed for the 1 MW machines.

E.2.2 Spectral loads

The model for the spectral loads seen in the drive-train is described by (3.6) and
(3.7). (3.6) has two parameters, a,, and b,,. which depend on the machinc configuration.

The width of the spectral peak at 3 dB below its maximum value is 2a,,. The standard

deviation of the drive-train loads at nQ) are determined by \/b,?,/2a,,, . Using this

information typical intensities of the nQ loads for below rated operation have been inferred
from data monitoring programmes previously conducted on commercial two- and three-
bladed machines. (WEG MS3 - Leithead and Agius, 1991, Howden HWP330/33 -
Wilkie et al., 1989, Howden HWP1000/45 - Leithead et al., 1991a). The parameters for the
three-bladed machines and the two bladed 1 MW machine are scaled from the model values
obtained for the corresponding commercial machines. The scaling of model parameter a,, is
scaled by the rotor velocity. Unfortunately no measured data is available from a commercial

two-bladed 1 MW machine. The parameter a,, is scaled as follows

a. = 412 bladed 300 kW Q, 3 bladed 300 kW Fnr3 bladed | MW 0
nr - . .

o0 2 bladed | MW
Qo 2 bladed 300 kW 9 nr3 bladed 300 kW Qo 3 bladed | MW




The intensity of the peak is assumed to be that of the two-bladed 300 kW machine scaled by
the square of the ratio of the power ratings. The parameter values used for each

configuration are given in Table C.1.

E.2.3 Effect of size on machine parameters

The drive-train parameters used for the 300 kW and 1 MW machines investigated in
Chapters 5 and 6 are based on those from commercial machines and are listed in Table E.10
and Table E.11 respectively. The stiffness and inertia of the low-speed shaft are adjusted to
obtain the first drive-train frequency and damping factor as required using (3.19) and (3.21).

The gearbox ratio and torque speed curve are calculated as follows:

N=(slip+1)6g / p (E.6)
P. p2
De = . —— 5 (E.7)
Effy.slip(slip + 1)0¢
where P, is rated power
p is the number of generator pole pairs
Effy is the efficiency of the generator and gearbox.
Machine parameter Value Machine parameter Value
Inertia of high speed shaft 3.8 kgm? Inertia of high speed shaft 55 kgm?
Stiffness of high speed shaft | 3.01E+5 Nm/rad | [Stiffness of high speed shaft | 4.848E+6 Nm/rad
Generator slip 1.5% Generator slip 1.0%
Gearbox and generator 91% Gearbox and generator 95 %
efficiency efficiency
Generator time constant 0.03s Generator time constant 0.05s
Power transducer time 0.02s Power transducer time 0.02
constant constant
No. of pole pairs 2 No. of pole pairs 3
Grid frequency 50 Hz Grid frequency 50 Hz

Table E.10 Parameters for 300 kW machines. Table E.11 Parameters for | MW machines.

The actuator parameters used for the 300 kW and 1 MW machines investigated in
Chapters 5 and 6 are listed in Tables E.12.

Actuator parameter 300kW | 1MW
Pitch transducer time constant (s) 0.005 0.05
Tacho gain (V/rad/s) 0.032 0.32
Servo gain (Nm/V) 63 63
Pitch transducer gain (V/rad) 12,5 12.5
Servo inertia (Kgm?) 0.011 1.1
Servo time constant (s) 0.0035 0.035

Table E.12 Actuator parameters.
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Appendix F Modelling of novel tip devices

The modelling of two novel tip devices, the fledge and the compliant tip, is
described in this appendix. The models are used in determining the power-control
performance of the devices, which is described in Chapter 7.

When a wind turbine loses the grid connection or has a gearbox failure the rotor can
accelerate to extremely high speeds, which may cause structural damage. Therefore braking
devices are required to be fast-acting and reliable. Typically, two independent brakes are
needed for emergency braking to satisfy safety requirements, such as those of Germanisher
Lloyd (1993). Historically tips were considered as suitable air brakes as they are lighter than
full-span pitch regulation devices and the majority of the aerodynamic lift comes from the
last sixth of the blade. The design of the size of the tip is dictated by its braking ability.
Hence the geometry of a fledge used for power control should also be dictated by its braking
capability. In the first section of this appendix, the dynamic behaviour of the fledge is
described, and an investigation into the effect of its geometry and masses on its braking
ability. In the second section the modelling of the compliant tip is described.

Both these novel devices are investigated when mounted on a machine based on the
Howden HWP33/330, which is a 300 kW, three-bladed, tip-regulated machine whose
physical parameters are listed in Table F.1. Experimental measurements have been made on
two of these machines in the Howden Altamont Pass wind farm (Anderson, 1990a, Anderson
and Jamieson, 1988) which have been extensively studied (Jamieson 1993). The transfer
function of the power train (the relationship between the aerodynamic torque, T,,,, and the
electrical power at the generator, P,) using the parameters in Table F.1 and (3.31) is

89.77

= (F.1)
) (s +3.067s +25.78)(s? +1.933s +2322)

G(s

and its Bode plot is shown in Figure F.1. The first drive-train mode is at 5.08 rad/s, and the

second is at 48.19 rad/s. The damping ratio of the first drive-train mode is 0.302.
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Figure F.1 Bode plot of the power-train transfer function of the Howden HWP33/330.

F.1 The ball-joint fledge

In this section, the equations of motion for three independent fledges are derived and
the geometry suitable for emergency braking is described. These are used in Chapter 7 to
assess power control performance

The UK Department of Energy supported two studies to investigate the feasibility of
the fledge. The first, by Jamieson and Agius (1989), investigated the aerodynamic behaviour
of the fledge, while the second led by the National Wind Turbine Centre (NWTC 1994)
investigated the dynamics of the device as a brake and a power control device by simulation.
The NWTC study also investigated the mechanical design of the fledge and tested a scale
model in the laboratory. As part of that, the equations of motion below were derived by

Jamieson and used here to investigate the braking and power control behaviour of the device.

F.1.1 The forces acting on the fledge plate

For the case of braking, e.g. when the rotor speed reaches a critical level - above
110% rated, the three fledges are allowed to move. Since the forces acting on the three
fledges are different the simulation must cater for the dynamic effects caused by them
moving independently.

When the fledge plate and the sliding mass are allowed to move by a release
mechanism (different types of which are considered in NWTC (1994)), the plate then opens
under the aecrodynamic moment acting on the plate and the inertial force acting on the sliding
mass. Opposing the opening is static friction along the slide which it is assumed can be
ignored. When the fledge plate is fully open it acts as an efficient braking device (Jamieson
and Agius, 1990). The forces acting on the fledge mechanism are shown in Figure F.2. As
the plate opens, the aerodynamic lift is reduced to zero and then drag increasingly opposes
the opening. When the plate reaches 90° it is stopped from opening further as the mass 1s at

the end of the slide. Then the static friction on the slide opposes the plate closing. Once the
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angle of fledge deployment is larger than a critical angle the rotor speed starts to decrease as

the fledge acts as a brake.

The force
along the link arm
| 4
\\\ Link arm
‘ >
side forces  radial
o R direction
‘ )
— ; Li‘\ = Sk
inertia P\\ force through <« 5 - » gravity
4 'inkarm m L > Fricti
Inertia force—— - netion
———® Spring force
———» Damping force
M is the mass of the fledge plate m is the mass of the sliding mass
sn 1s the displacement of the mass along the slide  Q is the rotor speed
g s gravity
a) The forces acting on the fledge plate b) The forces acting on the sliding mass

Figure F.2 The forces acting on the fledge.

F.1.1.1 The aerodynamics of the fledge

The aerodynamic torque of the fledge, Taero, is calculated using tables of C, values
parameterised by the tip-speed ratio, A, and the angle of rotation of the fledge plate, 0
(NWTC, 1994) and

Taero =0.5npR*V*C,(6,1) (F.2)
The aerodynamic moment acting on the fledge plate is calculated from
Maero(x,e,é) =—1/2p(V% +(QR +r,0)*)c,,c? (F.3)

where r, is the effective radius to the centre of pressure of fledge plate
c is the chord of the blade
[ is the length of the fledge
¢, is the pitching moment coefficient

The pitching moment, c,,, is an empirical fit to experimental data supplied by Howden, as
¢,, =0.130% - 0.19a - 0.02 (F.4)
where o is the angle of attack, which from a simple velocity triangle is

o =tan ' (V' / QR +r,6) (F.5)

F-3



F.1.2 The geometry of the fledge

Figure F.3 shows a schematic diagram of the fledge mechanism where it is assumed
that the fledge plate has a centre of mass at A and mass M; the sliding mass has a centre of
mass at B and mass m; the points, A, C, D, O and E all lie in the x, y plane; and the hinge and

the slide run parallel to the z axis. It is also assumed that the link arm is attached to A and B.

(Y
o) D(7%0,0) J

where r is the distance from the centre of mass of the fledge plate to the axis of rotation
h is the offset normal to rotor plane of axis of rotation of the fledge plate
R, is the length of the link rod

v is the angle between the link rod and the radial direction
¢ is the angle between the link arm and normal to the fledge plate

Figure F.3 The geometry of the ball-joint fledge.

The length of travel of the sliding mass, s, is

S, = Rj(cosy, —cosy) (F.6)
where siny, =h/ R,

R, is the length of the link rod

V, is the value of y when the fledge plate is closed, i.e. 6 = 0.
From triangles AED, ABD and EOD,

R? sin? y =2r + h% —2r(rcos® — hsin6) (F.7)
The distance the mass has moved along the slide, s, is obtained from (F.2) and (F.3), as

s, = Ry cosy, —y(RF - 2r® —h? +2r% cos0 - 2rhsin® (F.8)
The acceleration and velocity of the sliding mass can be calculated by differentiating (F.8).
From triangle ABD,

y=BD =R, cosy (F.9)
From triangles AEI and ICJ,

g=0C=El+JC=(r+hsin6)/cos6 (F.10)

From quadradral AFHG and triangle ABF,
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cos¢ = (rsin® + hcosB)/ R, (F.11)

F.1.3 The equations of motion of the fledge

Projecting the co-ordinates on to the rotor plane, from Figure F.4, B has the

co-ordinates  ((R, +sm)cosE, (R, +sm)sinE, 0) and A’ has the co-ordinates

(tcos§ —r(1-cosB)sin&, tsin& — r(1 — cosB) cos&, rsind + h) ,wheret= (R, + R, cos V,)

' y
y‘ A o 'z
\‘ : "”'
) : 4 Al
: r(1- cos@)
‘\ : RO ; - Vx'
iy i) m B D
Q-----. 5L > x
a
viewed from
upwind

A’ is the projection of A on the rotor plane
R, is the distance between the hub and the slide

Figure F.4 The geometry of the ball-joint fledge.

The kinetic energy for three fledges and the rotor inertia is

T =

"Mw

I[M(xAl +yAx +ZA1)+m(th +yB: +th)]+ IrotQZ

i

ME[t2Q? +r2(1-cos8,)> Q2 +726,% + 2200, sine,.] (F.12)
i=1

3
+%m2 (R, +smi)2(:)2 +5m ]+ I,,,,Q2
i=1

|- |-

where i = 1, 2, 3 and I, is the inertia of the rotor.

The potential energy for three fledges is
k] . . m 2 m k .
V= 5[mg(R, +5y,)sing; + Mgltsin E; +r(1- cos®;)cost, | + 2 ksp, 4 kaSmin
i=

(F.13)
where &, =Qt+2n(i-1)/n
k, is the spring coefficient of the slide

k, is the damping coefficient of the slide
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Equations of motion for a fledge plate

The equations of motion for a fledge plate can be obtained from

dlaT+V)| oT+V)
dt( . )— ) = Maero; — Q;rcos¢; — T, (F.14)

where cos¢; =(rsinB; + hcosb,)/ R,
Maero; is the fledge aerodynamic pitching moment
T; is any external force opposing the opening of the fledge plate

Q; is the force in the link arm
Hence,
Mr*9, = - MwrQsin®, + Mr?(1- cos0,)sin0,Q? - Q;r(rsin®; +hcosb,)/ R,
—T; — Mgrcos(Qu + (i — 1)2n/ n) sin®, + Maero,
(F.15)

Equations of motion for the sliding mass

i a(T'+V) —a(T+V)=Q,-COS\V,-—T,-S—F,~
dt 6smi 8s,,,l_

where F; is the friction force opposing the mass moving along the shide

T, is an external force acting on the sliding mass opposing increasing s,
The accelerating of each actuation mass, ignoring friction which is small, is described by
§m; = QZ(RO +8p )+ -QL(R, COSY , =Sy ) — kS —kySp,
mR T ’ (F.16)
—gsin(Qt + (i - 1)2n/n)-—
m

Equations of motion for the rotor

i(a(TT V)} _AT+V) % Taero, _ Torgen (F.17)
dt\ o g i=1 3

where E=w and 8T /0E=0

Taero, is the torque at the rotor due to the i fledge

Torgen is the torque experienced on the rotor from the generator
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The acceleration of the rotor is described by

Tor, 3. 5
3 Torgen — M1r} (0, sin0; —6; cos6,)
i i=1

3 : 3
—co(2Mr2 2 (1-cosB;)sin6,;0, +2mY (R, + 5, )S"n)
i=1

i=l

i Mo

3
~mg 3 (R, + 5, )cos(Q + (i - )21/ 3)
i=]

3
—Mg2 (tcos(Q + (i —1)2n/3) - rsin(Qr + (i - 1)2n/ 3)(1 - cosH,))

N i=1
Q= 3 (F.18)
2 2 2 ; 2
3Mt™ + Mr© Y (1-cos9;)” +mY (R, 8 )"+ 1,
i=1 i=1

F.1.4 The fledge dynamics

The motion of the fledge plate can be changed by varying the geometry of the fledge
mechanism, the mass of the fledge plate and the mass of the sliding mass. The geometry of
the fledge is described by the variables 6,,,, , R;, h and R, (see Figure F.3). R, is considered
to be fixed as it depends on difference between the length of the blades and of the fledge
plate. (The length of the fledge plate is taken from that used in the NWTC study (1994).)

F.1.4.1 Behaviour required of the fledge to be an effective brake

The purpose of this section is to discuss the feasibility of using the fledge to slow
and possibly stop a wind turbine when the rotor speed becomes higher than normal, and to
investigate the size which such a fledge would have to be. Generally the length of the tip
device is the minimum necessary to meet the Risg criterion for air brakes that the rotor
should not idle off-load in a wind of 30 m/s at a speed greater than its normal operating
speed (Jamieson et al., 1992).

When a fledge is deployed to large angles it has been proved in wind-tunnel tests by
Jamieson and Agius (1989) to brake the rotor speed efficiently. However, to be a useful
brake the fledge also requires additional features. The fledge plates must be able to move
sufficiently rapidly that they act as brakes before the rotor speed reaches a dangerously high
level. The fledge plates must also be able to reach high angles of deployment and then
remain open until the rotor has stopped or its velocity is small. In addition, the velocity of
the actuating mass just before it reaches the end of its slide must be small so that the kinetic
energy dissipated into the structure on impact is not large. The fledge must possess all the

above features in all operational wind speeds.
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F.1.4.2 The effect of geometry on braking

It was assumed that there are no external forces acting on the fledge plate or the
sliding mass when the fledge is allowed to move. Although when R, is increased the
deployment time of the fledge plate is hardly affected, the maximum value of v is decreased
and therefore, by (F.8), the maximum slide displacement is decreased. Therefore for large
R, a small final rotational velocity of the fledge plate causes a large final sliding mass
velocity and hence a large amount of kinetic energy to dissipate within the structure. The
relationships between the fledge angle, 0, and the slide displacement, s,,, for various values

of R, are shown in Figure F.5.

Slide displacement,s,, (m) R,=
0.4 0.46 m
10.48 m

0.3 4

oL 0.50 m
0.2 }'//"/ 0.54m

) P24
e
0.1 e
!)’ -
—— /

0 —_)

'00.0 225 450 675 90.0
Fledge rotation angle,0 (degrees)

The fledge geometry is chosen to be #=0.04 m, r = 0.3 m, R, = 15.25 m,

m=5kgand M= 10 kg.

Figure F.5 The effect of the value of R, on the relationship between 6 and s,,.

F.1.4.3 The effect of the masses of the fledge plate and the sliding mass on braking

As the mass of the fledge plates is increased, the inertia of the wind turbine increases
so the rotor acceleration is reduced, but the plates takes longer to deploy so braking is slower
- see Figure F.6.

If the sliding mass is very light then the inertial force acting on a plate is insufficient
to oppose the aerodynamic closing forces on the plate before it is fully deployed. In this case
the fledge plate will never deploy, but settles at an intermediate value of 6. The geometry
can be selected so that the fledge can act as a brake as in Figure F.7c. As the mass of the
sliding mass is increased, higher maximum values of 6 are reached until the plate will fully
deploy. With this size of sliding mass the fledge plate is held open until the closing forces
on the plate are large enough so that it closes slightly and settles to an intermediate value of
0 - see Figure F.7b. As the sliding mass is increased further the deployment time is reduced.
Therefore the plate remains fully open for longer and it closes more slowly, see Table F.1.

However, the velocity of the sliding mass at the end of the slide, and hence the wear and tear
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on the structure, and the amount of kinetic energy to be dissipated in the structure due to

stopping the mass, all increase.

Fledge angle (degrees) Rotor speed (rad/s)
100 4.40
: / N
75 [T 220NN
[ ' ,’ , ,// ’ \ o i\
50 /‘ / 4.15 // \
2 " [ / / \‘
> / I 7 N
0 AV 3.90
000 037 075 112 150 000 037 075 1.12 1.50
Time (seconds) Time (seconds)
M= — 5kg -- 10kg— 20kg - — 30kg

The fledge geometry is chosen tobe R=0.48 m, r=0.3 m, R,=15.25 m,
and m =5 kg, no slide friction.

Figure F.6 The effect of the mass of the fledge plate on braking.

Fledge angle (degrees)

Rotor speed (rad/
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25 <
0 340
0.0 1.0 2.0 3.0 4.0 0.0 1.0 20 3.0 40
Time (seconds) Time (seconds)
a) very light, m=2.0 kg
Fledge angle (degrees) Rotor speed (rad/s)
100 4.40 /\
75 A\ {\ / < \
50 \l Vf VA PP \\
25 v \
0 J 340
0.0 1.0 20 3.0 40 00 1.0 2.0 30 4.0
Time (seconds) Time (seconds)
b) light, mn=2.2 kg
Fledge angle (degrees) Rotor speed (rad/s)
100 440
75 { / //\
50 390 \
25
0 340
0.0 1.0 20 3.0 40 00 10 20 30 4.0
Time (seconds) Time (seconds)

c) medium, m =4.0 kg

The fledge geometry is chosen to be R=0.48 m,7 =03 m, R, = 1525 m,
and M = 10 kg, slide friction coefficient = 0.05, wind = 8 m/s

Figure F.7 The effect of the mass of the sliding mass on braking.
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Actuating mass (kg)

3.0 5.0 7.0 10.0

Final velocity of actuating mass (m/s)

20.0

8.11 9.83 10.73 11.40

12.44

Table F.1 The effect of size of the actuating mass and its velocity

just before the end of the slide is reached.

Fledge angle (degrees) Fledge angle (degrees)
100 100
75 I 75
50 50
25 25 J ,
0 0-
0 10 20 30 40 0 10 20 30 40
Time (seconds) Time (seconds)
Fledge angle (degrees) Rotor speed (rad/s)
100 5.00
75 '\\
50 2.50 \\
25 ~—]
0 0.00
0 10 20 30 40 0 10 20 30 40
Time (seconds) Time (seconds)
a) in high wind speeds, 25 m/s
Fledge angle (degrees) Fledge angle (degrees)
100 100
) B
75 75
S0 50
25 25
0 0
0 15 30 45 60 0 15 30 45 60
Time (seconds) Time (seconds)
Fledge angle (degrees) Rotor speed (rad/s)
100 5.00
M
s ] Y
50 2.50 \
25 ~—_
\\.\
0 0.00
0 15 30 45 60 0 15 30 45 60
Time (seconds) Time (seconds)
b) in low wind speeds, 8 m/s

(The fledge geometry is chosen to be R=0.48 m, r=0.3m, R, =15.25m,
m =5 kg, M = 10 kg, no slide friction.)

Figure F.8 The closing behaviour of the three ball-joint fledges.

Simulation of the fledge indicates that when the rotor speed has been considerably
reduced, the inertia forces acting on the mass and fledge plate and static forces acting on the
actuating mass are exceeded by the closing aerodynamic moment so that the plates start to
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close - see Figure F.8. This occurs when the rotor speed is approximately 1.5 rad/s. The
mass will then move back along the slide and the fledge plate will close until it stops due to
the reduction of the aerodynamic moment. In high winds (e.g. 25 m/s and above) a fledge
closes slightly, oscillates and then reopens as the next fledge starts to close - see F tgure F.8a.
Fortunately the rotor speed is still decreasing as the fledges close only slightly. However. in
low wind speeds (e.g. 8 m/s) the fledges flap one at a time to increasingly low angles - see
Figure F.8b. In this case the rotor speed is maintained around 1.0 rad/s and the wind turbine
is not fully stopped. Therefore the machine is not fully stopped until a mechanical brake is
also applied or the fledge plates are stopped physically from returning. Various locking
mechanisms for the latter purpose are considered by NWTC (1994).

F.1.4.4 The effect of external forces on braking

As the magnitude of the wind speed is increased the fledge plate deploys more
rapidly, although the value of 8 required before braking occurs remains almost unchanged.
As the fledge plate deploys so quickly it is not particularly affected by wind turbulence.

The effect of increasing the damping force is to decrease the velocity of the sliding
mass and so increase the fledge deployment time, see Figure F.9. The maximum damping
force required to limit the final velocity of the actuating mass to a sensible value is relatively
small (2.3 kN in high winds). Applying damping in this way allows the fledge to act as an
effective air brake. The maximum forces acting on the fledge components are relatively
small in very high winds - see Table F.2.

Similarly increasing the spring force decreases the velocity of the sliding mass and
so increases the fledge deployment time (Figure F.10). However, in this case the spring
force is also present when the fledge plate is fully open and so the tendency for the fledge

plate to close is increased, particularly in light winds.

Maximum value is below
Net force on the slide 0.36 kN
Centrifugal force 1.6 kN
Link reaction 1.25 kN
Side force 2.6 kN
Applied force 2.6 kN
Link reaction moment 0.55 kN
Rotor dynamic torques 29 Nm
Net torque on the fledge plate 290 Nm

Table F.2 The maximum loads on the components of the ball-joint fledge

when damping on the slide is used to control the motion of the fledge (no slide friction).
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Fledge angle (degrees) Rotor speed (rad/s) =
100 4.50 y
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10/ 160 T2
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a) The fledge deployment b) The rotor speed
Actuating mass velocity (m/s) Damping force (kN)
10 24
6
20
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20
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0 —\ 0.0

000 025 050 075 100 000 025 050 075 1.00
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¢) The actuating mass velocity d) The damping force

(R,=0.48m,r=0.3m,R,=1525m, m=5kg, M= 10 kg, no slide friction,
wind speed = 25 m/s).

Figure F.9 The effect of damping on the actuating mass on the fledge deployment.

Spring force (kN) velocity (m/s)
2.0 10
= k=
s k,|= 10000 s 0 ||
/ 500 ﬂ
1.0 5 1000 | /A

05 500 / /—"
/ )

/
/

0.0 0
0.00 0.25 0.50 0.00 0.25 0.50
Time (seconds) Time (seconds)
a) The spring force b) The velocity of the actuating mass

(R,=0.48m, r=0.3m, R, = 15.25 m, m = 5 kg, M = 10 kg, no slide friction,
wind speed = 25 m/s).

Figure F.10 The effect of a spring on the actuating mass on the fledge deployment.

F.1.4.5 Cable control mechanism
All the simulations assume so far that all three plates are released simultaneously

although evolve differently when the rotor speed exceeds 110% of rated speed. Various
release mechanisms are considered in NWTC (1994). However, the cable system is the only
one suitable for both braking and power control. For the investigation of the fledges as a
control device in Chapter 7 this geometry is chosen such that ;= 0.48 m, r = 0.3m, R,
=15.25m, m =5 kg, and M= 10 kg.
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The moment acting on the fledge plate by the cable is

Tikrcos©; /2 (F.19)

wherek is the ratio of  and the distance from the cable attachment on the plate to the pulley.
The cable control mechanism can be described as follows. Three cables are attached
to a tripod at the hub, with each extending radially along a blade and around a pulley to the
fledge plate below its centre of mass (see Figure F.11). The pulley and the centre of mass of
the plate are chosen to be equidistant from the plate’s hinge. An additional cable (B in
Figure F.11) links the sliding mass to the original cable (A in Figure F.11). While 0 is below
a critical value, 0., cable B is slack and cable A applies a tension to the fledge plate. When

0 is greater than 0,,, the cable tension is applied to the sliding mass via cable B, whilst cable
A becomes slack. The changeover of tension is achieved because the distance moved by the
cable attached to the fledge plate when the fledge is fully deployed is smaller than that
moved by the actuating mass along the slide. The advantage of this arrangement is that the
tension in the cable is initially applied directly to the plate to prevent the initial deployment
being too rapid, while the tension is later applied directly to the mass to greatly reduce its
final velocity. In order to ensure that the plates move in unison, the three cables are attached
to a tripod attached to a damper. The tripod essentially equalises the tension of the three
cables and prevents the plates from flapping, when held closed by a pretension force.

The horizontal length from the apex of the tripod to the centroid of its base, Lt, is a
function of the lengths of the cables from the pulley to the tripod: cable lengths L,, L,, L; as

follows

Lt= %cotcp\/%'z sin? ¢ - 4(L} + L3 + L3 - LiL, = Ly Ly — L, L) (F.20)

where o is the length of the sides of the tripod and ¢ is the distance from the apex of the

swivel j \‘

joint
mpod

tripod to the centroid of its base.

1h

fledge
platt . bleB

oy
Y,
«kr ble A
S cable

pulley
Figure F.11 The fledge actuating system.
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The speed of the damper is

i=l

13 3 3
dv ==3LL +2UT QL - ¥ LL;) (F21)
i= =1
j’#i
The force applied by the damping device is modelled to be

Tens = kgqd oy + K gop, (F.22)
where Tens is the cable tension force

k.4 is the damping coefficient

d,.; is the velocity of the damper mass

Kaamp 18 a fixed tension

This cable tension is divided between the three attached cables as follows

( 3 A
(2L; - 2 Ly)2cote
_Tens ::xl 1
3 \/ 2 . 3.0 A LLL ) F29
(9s“sinp-4(X Ly - T—"))
\ k=1 k=1 Ly )

Results from the simulation show that a maximum damping force of under 3 kN will

restrict 5,, at the end of the slide to below 1.5 m/s, see Figures F.12a and F.12b. The fledge

plates now deploy quickly and hence the maximum rotor speed is reasonable. The forces in
the link rod and the side forces on the slide are reasonable, see Figure F.12e and F.12f. The
discontinuities in these plots are due to the change-over of tension. The maximum velocity
of the damper is not large, see Figure F.12g. The peak in the cable tension at the point of
changeover is present because the velocities of the fledge plate and the sliding mass are
different. Although the mass dynamics of the tripod and the cables are not included in the
simple model used in the simulation, a time delay was introduced so that the change in cable
velocity was smoothed to take account of the inertia effects and it had little effect on the size
of the peak. The peak can be reduced if the cable attached to the actuating mass is either
slightly elastic or includes a very stiff spring.

The simulation indicates that the ball-joint fledges can be used as effective air brakes
in all wind speeds. Although two deployed fledges are sufficient to brake the machine this
may unbalance the forces on the rotor. The ball-joint system can be easily tuned so that all
three fledges deploy, the maximum rotor speed is not dangerously high and the velocity of
the sliding mass at the end of deployment is small. The plates do have a tendency to close at
low rotor speeds but this can be overcome by some lock-out mechanism. The fledge plate
can be made relatively light (10 kg). The geometry can be chosen so that when the plate is
closed, the leverage is small between it and the sliding mass so that the plate will open when
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released; the leverage is high at the end of deployment, helping to keep the fledge open; and
the actuating mass can be light and hence small (5 kg). The advantages of the tripod cable
system are that (a) a small damping force is required to obtain good fledge deployment, with
low side forces; (b) the system is cheap; (c) the fledges move nearly in unison; and (d) the
system does not require a high initial closing force. The forces on all the components appear

to be low and hence the fledge can easily be engineered.

Cable tension (kN) Velocity (m/s) Fledge angle (degree)
4 2,0 100
15
, 10 30
[\ 15 30 15
' /
2 / /); 1.0 A l 2 50
| ]] 0.5
0 v EEI 0.0 / 0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Time (seconds) Time (seconds) Time (seconds)
a) The Cable tension b) Velocity of the actuating mass c¢) Fledge angle
Omg (rad/s) Side forces (kN) Link reaction (kN)
4.6 3 4 2
Z AN
g <~ 2 = ¥ 30
1 4 15
1 / -1 e 9
Y bé
3'60.00 0.25 0.50 0.75 1.00 o0.00 0.25 0.50 0.75 1.00 -20.00 0.25 0.50 0.7 1.00
Time (seconds) Time (seconds) Time (seconds)
d) Rotor speed e) Side forces on the slide f) Link reaction force
Damper velocity (m/s)
2
30
i 1L
Vs:
o0.00 025 0.50 0.75 1.00
Time (seconds)
h) Velocity of the damper

Figure F.12 The fledge deployment and forces required when damping is
applied linearly in wind speeds of 8 m/s, 15 m/s and 30 m/s.

F.1.5 The dynamics of the ball-joint fledge power-control device
With the tripod and cable mechanism, the fledges can be considered as acting in

unison and the equations of motion can be simplified as follows

§=—tgsin6+(l—cos6)sin602- g (rsin0 + hcos0)
r MrR

(F.24)
~ Tk cos(9/2) + M€
Mr Mr
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where T is the tension applied to the fledge plate via a cable
Q is the force in the link arm

The accelerating of each actuation mass is described by

S =QZ(R0 +sm)+—A%(Rcoswo = Sn) = kgs,, —kdj,i —%—5 (F.25)
m

where F is the friction force opposing the mass moving along the slide
T, is the tension applied to the actuating mass via a cable

The acceleration of the rotor is described by

Taero /3 — Torgen /3 — MurBsin — M1rd? cosd

_ —02Mr26(1 - cosB) sin + 2m(R, + 5 )im
Q .

= F.26
Mt + Mr*(1-cos8)? +m(R, +s,,) + Irot 1 3 (F26)
The distance the mass has moved along the slide, s,, is obtained from geometry as
Sy =Rcosy, - \/(R2 —2r% = h? +2r% cos® - 2rhsin® (F.27)

F.2 Modelling issues for the compliant tip

The ACSL (ACSL 1987) model for the Howden 33/330 wind turbine (Wilkie and
Leithead, 1989) is modified to be suitable for investigating the feasibility of the compliant
tip to enhance power control. The main modifications are the inclusion of aerodynamic
tables for the compliant tip (Anderson, 1990), actuator dynamics (Campbell, 1990), a PI
controller' and the compliant tip controller (Anderson et al., 1990). Other minor additions
made to the simulation are models of wind speed sensed by the tip and the remaining part of
the blade (Leithead, 1992), a dummy tip and actuator to enable the effects of high frequency
spectral peaks on the internal operation of the actuator to be investigated, modelling of noise
on any signals which are measured, namely the aerodynamic moment, the tip acceleration
and position, and the spectral disturbances sensed in the wind speed seen only by the tip and

not in the rotor torque (which are described in Appendix A).

' PI controller for 16 m/sis 6.47x10°%(1+10/s)



F.2.1 The aerodynamics of the compliant tip

The aerodynamic torque coefficients, the aerodynamic moment, the angle of attack
and the root bending moment are all found from look-up tables supplied by Anderson et al.
(1990). They are all parameterised by the current tip angle and the tip speed ratio. There
were two look-up tables for the aerodynamic torque coefficients, one for the area swept by
the tip and the other for the remainder of the rotor. The aerodynamic torque is calculated as
follows.

1 30,2 2
Ta=—pnk*(V}C,, +V]Cpp) (F.28)

where ¥, is the wind speed seen by the tip
V, 1s the wind speed sensed by the remainder of the rotor
C,o is the torque coefficient for the tip

C, is the torque coefficient for the remainder of the rotor

F.2.2 The compliant tip actuator

The actuator model is described in detail by Campbell (1990) and its dynamics are
described below.

The transfer function relating the tip demand to the spool position is

XY _ filter x gain of the spool x spool dynamics

d
552 s 6002 (F:2)
(s+55)% s +432000s + 600°

The filter is to reduce the sensitivity of the spool dynamics to high-frequency noise. The

load flow in the actuator, O/, is

QI = Cdw x x,, x | Ps — sign(x,) x Pl - Kce x Pl (F.30)

where Cdwis Cd w2 /,Jp (Merit, 1967) = 45x10° m*/kg
C, is the discharge coefficient
w is the area gradient for each orifice
p is the fluid density
Ps is the supply pressure = 14106 N/m’
Pl is the load pressure
Kce is the coefficient of fluid leakage = 2.34x10™"? m'Pa/s

The rate of change of load pressure with respect to time 1s
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drl 4B,
?=ITI(QI-Axrxvel)dt (F.31)

where A is the area of the piston = 0.002 m’

r is the crank radius = 0.04 m
B. is the effective bulk radius = 700x10°

V, is the trapped volume of fluid in the actuator = 150x10 m?
vel is the tip velocity (rad/s)

The tip acceleration, acc in rad/s’ is

acc=(AxPl—Maeroxr)/(Mpr+1a /'r) (F.32)

where Maero is the aerodynamic moment acting on the tip and is calculated using a
coefficient from a two-dimensional look-up table parameterised by the current tip angle and
the wind speed sensed by the tip.

M, is the mass of the piston = 2 kg

I, is the tip inertia = 2.54 kg m?

Equation (F.30) is linearised and the block diagram of the linear actuator is shown in
Figure F.13. Bode plots of the open and closed-loop transfer functions are shown in
Figure F.14. The actuator dynamics were further simplified for control design purposes to
the first-order approximation 23/(s+23).

where Kq is 15. 55%/(s+55)?, J is the tip inertia, Mapp is the applied moment acting on the
tip, table PMOMT is aerodynamic moment table, and B, is the tip position.

Figure F.13 The block diagram of the linearised actuator.
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a) Bode plot of the open-loop transfer function b) Bode plot of the closed-loop transfer

function

Figure F.14 Bode plots of the linearised actuator dynamics.

Parmeter Value

Rated Power 300 kW

Number of blades 3

Rotor radius 16.5m

Length of tip 25m

Tip chord 0.65 m

Hub height 30m

Distance from rotor plane to tower 35m

Tower radius 09m

Grid frequency 60 Hz

No. of generator pole pairs 2

Generator slip 1.44 %
Generator and gearbox efficiency 91 %

Power transducer time constant 0.02s

Gradient of torque to speed curve 698.7 Nms/rad
Synchronous speed 191.2 rad/s
Rated low-speed shaft speed 3.92 rad/s
Generator electrical time constant? 0.2s

Inertia of the low-speed shaft 1.9012x10° Kgm?
Inertia of the high-speed shaft 3.8 Kgm®
Stiffness of the low-speed shaft 12.6x10° Nm/rad
Stiffness of the high-speed shaft 3.01x10° Nm/rad
Gearbox ratio 48.8

Table F.3 The machine parameters for the Howden 330 kW wind turbine..

2 This figure is too large, it has been left unchanged in studies made by Wilkie and Leithead (1988)
and Leithead e al., (1991a), a value of 0.03 would be more realistic.
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Appendix G Aerodynamic torque tables

As described in Chapter 2 the aerodynamics are defined in terms of torque
coefficients, C,, which are dependent on the rotor design of each machine. This appendix
lists these torque coefficients and the corresponding partial derivatives of aerodynamic
torque with respect to wind speed and pitch angle for rated power for each of the machine

configurations studied.

G.1 Full-span regulated machines

Table G.1 gives the torque coefficients for Configurations A to F of Chapter 5.
Table G.2 gives the corresponding partial derivatives of aerodynamic torque with respect to

wind speed and pitch angle for rated power.

G.2 Tip-regulated machines

Table G.3 gives the torque coefficients for Configurations G to L of Chapter 6.
Table G.4 gives the corresponding partial derivatives of aerodynamic torque with respect to

wind speed and pitch angle for rated power.

G.3 Fledge

The torque coefficient tables for the fledge investigated in Appendix F and Chapter 7
are listed in Table G.S.



G.4 Compliant tip

The torque coefficient tables associated for the compliant tip and the remaining part
of the blade investigated in Chapter 7 are listed in Table G.6. The aerodynamic torque

partial derivatives with respect to pitch angle are listed in Table G.7.

G.5 Full-span regulated machine

Table G.8 gives the torque coefficients for the full-span regulated machine
investigated in Chapter 8. Table G.9 gives the corresponding partial derivatives of

aerodynamic torque with respect to pitch angle for rated power.
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-0.02093 -0.03067 -0.04222 -0.05620 -0.06788 -0.07345 -0.09545 -0.12430 -0.16310 -0.21680 -0.29760 -0.43870
-0.03619 -0.04724 -0.06050 -0.07662 -0.09007 -0.09645 -0.12100 -0.15220 -0.19610 -0.26390 -0.37580 -0.50740

-0.05160 -0.06403 -0.07854 -0.09543 -0.10950 -0.11640 -0.14520 -0.18700 -0.24450 -0.26930 -0.35040 -0.50280

-0.00052
-0.00072

-0.01565

-0.06595 -0.07848 -0.09434 -0.11590 -0.13520 -0.14430 -0.17200 -0.16990 -0.21310 -0.28350 -0.40330 -0.60980
-0.08018 -0.09707 -0.11560 -0.11000 -0.11790 -0.12070 -0.14910 -0.19070 -0.25110 -0.34360 -0.48870 -0.73280
-0.08209 -0.08311 -0.09586 -0.11330 -0.13200 -0.14030 -0.17710 -0.22810 -0.30080 -0.40850 -0.57680 -0.85950
-0.07862 -0.09205 -0.11060 -0.13470 -0.15550 -0.16660 -0.20930 -0.26800 -0.35180 -0.47490 -0.66770 -0.98990

0.11310 -0.13360 -0.16030 -0.19360 -0.22290 -0.23650 -0.29460 -0.37310 -0.48430 -0.64750 -0.90140 -1.32600

Table G.1a) 300 kW, 2 blades, tip speed 84 m/s full-span regulated - Configuration A.

G-3




Tip speed ratio (rad)

P 2.80 3.00 3.23 3.50 382 420 4.42 4.67 4.94 5.25 5.60

i 0 ]002606 003056 0.03575 0.04139 0.04771 0.05524 0.05919 006276 0.06541 0.066%0 0.06734
t 2 (003130 0.03587 0.04083 0.04651 0.05306 0.05930 0.06163 0.06321 0.06409 0.06436 0.06398
c 4003589 0.04030 0.04541 0.05099 0.05598 0.05924 0.06016 0.06056 0.06049 0.05986 0.05859
h 6 |0.03986 0.04438 0.04902 0.05292 0.05549 0.05660 0.05653 005604 0.05503 0.05346 0.05133
8 |0.04341 0.04715 0.05010 0.05204 0.05281 0.05215 0.05123 0.04977 0.04783 0.04538 0.04221
a 10]0.04534 0.04753 0.04892 0.04931 0.04845 0.04611 0.04429 0.04199 0.03918 0.03573 0.03163
n 12004520 0.04610 0.04609 0.04502 0.04265 0.03868 0.03607 0.03296 0.02927 0.02491 0.01985
g 14004350 0.04317 0.04186 0.03938 0.03558 0.03026 0.02686 0.02289 0.01830 0.01303 0.00690
| 16]0.04046 0.03893 0.03636 0.03267 0.02762 0.02084 0.01667 0.01190 0.00652 0.00026 -0.00702
e 18{0.03619 0.03357 0.02996 0.02511 0.01884 0.01068 0.00580 0.00028 -0.00610 -0.01349 -0.02214
(d 20003096 0.02741 0.02274 0.01686 0.00936 -0.00008 -0.00573 -0.01224 -0.01964 -0.02820 -0.03809
e 22002498 0.02049 0.01493 0.00796 -0.00067 -0.01153 -0.01802 -0.02533 -0.03361 -0.04314 -0.05418
g 24[0.01832 0.01304 0.00652 -0.00145 -0.01123 -0.02331 -0.03041 -0.03846 -0.04748 -0.05762 -0.06891
r 26(0.01116 0.00502 -0.00238 -0.01124 -0.02191 -0.03494 -0.04242 -0.05045 -0.05939 -0.07025 -0.08434
¢ 2810.00347 -0.00340 -0.01147 -0.02101 -0.03221 -0.04501 -0.05272 -0.06239 -0.07418 -0.08615 -0.08238

¢ 30 ]-0.00450 -0.01187 -0.02043 -0.03001 -0.04111 -0.05679 -0.06546 -0.06383 -0.06505 -0.07261 -0.08232

8) 35[-0.02308 -0.03146 -0.03898 -0.03942 -0.04617 -0.05734 -0.06500 -0.07441 -0.08671 -0.10080 -0.11840

Tip speed ratio (rad)
P 6.00 6.46 7.00 7.64 8.40 9.33 1050 12.00 1400 16.80

i 0 {0.06691 0.06558 0.06296 0.05875 0.05337 0.04681 0.03865 0.02849 0.01551 -0.00202
t 2 |0.06286 0.06091 0.05813 0.05451 0.04982 0.04395 0.03625 0.02688 0.01508 -0.00148
¢ 4 ]0.05671 0.05409 0.05064 0.04639 0.04111 0.03467 0.02686 0.01693 0.00350 -0.01642
h 6 |0.04848 0.04490 0.04058 0.03528 0.02891 0.02119 0.01141 -0.00145 -0.01956 -0.05016

8 |0.03836 0.03386 0.02834 0.02176 0.01378 0.00386 -0.00898 -0.02631 -0.05130 -0.09452
a 10]0.02684 0.02109 0.01427 0.00600 -0.00409 -0.01686 -0.03358 -0.05679 -0.09100 -0.14600
n 12{0.01387 0.00683 -0.00158 -0.01171 -0.02441 -0.04071 -0.06255 -0.09320 -0.13890 -0.21270
g 14 ]-0.00027 -0.00878 -0.01898 -0.03158 -0.04747 -0.06809 -0.09584 -0.13490 -0.19360 -0.28860
1 16 [-0.01561 -0.02589 -0.03829 -0.05365 -0.07256 -0.09807 -0.13220 -0.17220 -0.25330 -0.37200
e 18 [-0.03232 -0.04438 -0.05896 -0.07696 -0.09990 -0.13000 -0.17030 -0.22630 -0.31040 -0.45590
(] | 20 |-0.04962 -0.06347 -0.08026 -0.10090 -0.12640 -0.15890 -0.20480 -0.27590 -0.38930 -0.54360
e 22 1-0.06710 -0.08211 -0.09961 -0.12160 -0.15210 -0.19610 -0.25560 -0.27930 -0.35830 -0.52360
g 24 -0.08203 -0.09889 -0.12180 -0.15120 -0.17190 -0.17650 -0.21770 -0.29640 -0.42150 -0.63710
r 26 |-0.10190 -0.11930 -0.11250 -0.12650 -0.15620 -0.19960 -0.26270 -0.35940 -0.51080 -0.76580
¢ 28 |-0.08695 -0.10040 -0.12000 -0.14680 -0.18540 -0.23870 -0.31470 -0.42720 -0.60300 -0.89910
e 30 |-0.09644 -0.11590 -0.14110 -0.17440 -0.21900 -0.28090 -0.36790 -0.49660 -0.69800 -1.03500

s) 35]-0.13980 -0.16780 -0.20260 -0.24820 -0.30810 -0.39020 -0.50640 -0.67700 -0.94220 -1.38500

Table G.1b) 300 kW, 3 blades, tip speed 84 m/s full-span regulated - Configuration B.



Tip speed ratio (rad)

P 2200 2357 2538 2640 2750 2870 3.000 3.143 3300 3474 3.667 3.882 4125
i 01002010 0.02387 0.02953 0.03285 0.03638 0.04019 0.04432 0.04875 0.05336 0.05817 0.06338 0.06906 0.07490
t 2 ]0.02548 0.03062 0.03662 0.03998 0.04359 0.04743 0.05141 0.05562 0.06017 0.06515 0.07030 0.07507 0.07874
c 4003161 0.03693 0.04302 0.04635 0.04983 0.05353 0.05750 0.06180 0.06624 0.07047 0.07399 0.07650 0.07787
h 6 10.03727 0.04263 0.04855 0.05181 0.05531 0.05903 0.06281 0.06642 0.06954 0.07195 0.07359 0.07437 0.07433

8 10.04237 0.04760 0.05352 0.05674 0.05997 0.06301 0.06564 0.06777 0.06932 0.07025 0.07051 0.07003 0.06875
a 10]0.04688 0.05211 0.05758 0.06012 0.06231 0.06410 0.06543 0.06631 0.06663 0.06636 0.06533 0.06368 0.06118
n 12[0.05099 0.05561 0.05946 0.06093 0.06204 0.06275 0.06301 0.06278 0.06199 0.06053 0.05842 0.05551 0.05188
g 14]0.05393 0.05703 0.05905 0.05959 0.05977 0.05950 0.05875 0.05743 0.05552 0.05304 0.04987 0.04599 0.04112
1 16 ]0.05492 0.05646 0.05685 0.05650 0.05571 0.05449 0.05277 0.05054 0.04773 0.04421 0.04007 0.03499 0.02905
e¢ 18]0.05417 0.05422 0.05297 0.05177 0.05016 0.04807 0.04552 0.04239 0.03862 0.03423 0.02900 0.02297 0.01597
(d 20]0.05186 0.05045 0.04771 0.04572 0.04334 0.04047 0.03707 0.03312 0.02853 0.02319 0.01707 0.01009 0.00196
e 221004812 0.04538 0.04123 0.03856 0.03543 0.03180 0.02771 0.02294 0.01753 0.01136 0.00438 -0.00374 -0.01320
g 2410.04317 0.03917 0.03375 0.03040 0.02666 0.02233 0.01750 0.01200 0.00582 -0.00121 -0.00930 -0.01849 -0.02909
r 26]0.03716 0.03202 0.02545 0.02149 0.01709 0.01211 0.00660 0.00040 -0.00664 -0.01456 -0.02346 -0.03353 -0.04506
e 28]0.03026 0.02408 0.01640 0.01187 0.00686 0.00130 -0.00490 -0.01182 -0.01945 -0.02802 -0.03762 -0.04824 -0.05992
e 30]0.02260 0.01544 0.00675 0.00169 -0.00387 -0.01000 -0.01666 -0.02404 -0.03218 -0.04101 -0.05041 -0.06090 -0.07401
s) 35]0.00086 -0.00817 -0.01851 -0.02415 -0.02997 -0.03633 -0.04377 -0.05258 -0.06072 -0.05722 -0.06175 -0.06896 -0.07836

Tip speed ratio (rad)

P 4400 4.714 5077 5500 5841 6000 6.600 7333 825 9429 11.000 13.200
i 0 ]0.07982 0.08247 0.08256 0.08026 0.07735 0.07604 0.06891 0.06140 0.05228 0.04112 0.02719 0.00907
t 2 [0.08072 0.08114 0.08023 0.07776 0.07523 0.07388 0.06813 0.06127 0.05251 0.04218 0.02963 0.01334
¢ 4 |0.07819 0.07745 0.07547 0.07245 0.06956 0.06809 0.06257 0.05551 0.04701 0.03670 0.02352 0.00517
h 6 |0.07343 0.07146 0.06859 0.06446 0.06082 0.05909 0.05257 0.04457 0.03475 0.02245 0.00580 -0.01888

8 10.06653 0.06350 0.05924 0.05388 0.04955 0.04745 0.03941 0.02967 0.01752 0.00139 -0.02109 -0.06508
a 10]0.05780 0.05336 0.04793 0.04135 0.03584 0.03324 0.02343 0.01125 -0.00439 -0.02540 -0.05572 -0.109%0
n 1210.04729 004168 0.03484 0.02674 0.02004 0.01692 0.00481 -0.01036 -0.03025 -0.05761 -0.09789 -0.16250
g 14 0.03531 0.02837 0.02027 0.01044 0.00234 -0.00149 -0.01620 -0.03507 -0.06022 -0.09542 -0.14760 -0.23310
I 16]0.02206 0.01396 0.00417 -0.00753 -0.01726 -0.02186 -0.03984 -0.06313 -0.09428 -0.13790 -0.18850 -0.30830
e 18]0.00784 -0.00182 -0.01333 -0.02728 -0.03881 -0.04435 -0.06592 -0.09366 -0.13090 -0.16290 -0.26260 -0.38960
(d 20 [-0.00762 -0.01890 -0.03240 -0.04853 -0.06197 -0.06836 -0.09324 -0.12560 -0.16900 -0.22870 -0.31680 -0.46690
e 22 ]-0.02420 -0.03708 -0.05220 -0.07048 -0.08572 -0.09297 -0.12100 -0.15600 -0.20270 -0.27420 -0.39080 -0.52560}
g 24 |-0.04128 -0.05542 -0.07228 -0.09209 -0.10800 -0.11540 -0.14490 -0.18750 -0.24980 -0.29000 -0.35780 -0.50830
r 26 |-0.05821 -0.07313 -0.08995 -0.11090 -0.13020 -0.13990 -0.17850 -0.18680 -0.21390 -0.28630 -0.40600 -0.61740
¢ 28 |-0.07289 -0.08894 -0.11050 -0.13600 -0.13090 -0.13020 -0.15070 -0.18840 -0.24760 -0.33930 -0.48320 -0.73160
e 30 |-0.09067 -0.10700 -0.09925 -0.11510 -0.12870 -0.13730 -0.17100 -0.22040 -0.29240 -0.39770 -0.56700 -0.84760
s) 35 |-0.09112 -0.10840 -0.13050 -0.15890 -0.18390 -0.19610 -0.24660 40.31490 -0.41190 -0.55640 -0.77960 -1.15500

Table G.1c) 300 kW, 3 blades, tip speed 66 m/s, full-span regulated - Configuration C.




Tip speed ratio (rad)
2.80 3.00 3.3 3.50 382 4.20 4.42 4.67 4.94 5.25

5.60
P 0 |0.02505 0.02933 0.03422 0.03954 0.04556 0.05264 0.05626 0.05952 0.06199 0.06350 0.06407
i 2003002 0.03432 0.03903 0.04443 0.05054 0.05623 0.05837 0.05988 0.06080 0.06115 0.06089

t 4003434 0.03855 0.04338 0.04854 0.05307 0.05611 0.05701 0.05744 0.05743 0.05691 0.05579
¢ 6 |0.03814 0.04238 0.04664 0.05018 0.05257 0.05365 0.05362 0.05318 0.05230 0.05086 0.04892
h 8 |0.04142 0.04483 0.04753 0.04932 0.05005 0.04947 0.04861 0.04729 0.04550 0.04323 0.04026
a 10004310 0.04511 0.04638 0.04674 0.04593 0.04379 0.04211 0.03995 0.03733 0.03408 0.03024
n 12]0.04291 0.04371 0.04370 0.04271 0.04049 0.03678 0.03433 0.03143 0.02796 0.02386 0.01904
g 14004128 0.04095 0.03971 0.03737 0.03383 0.02883 0.02564 0.02189 0.01755 0.01255 0.00674
1 16]0.03839 0.03693 0.03453 0.03107 0.02631 0.01993 0.01599 0.01148 0.00636 0.00042 -0.0065]
¢ 18]0.03436 0.03189 0.02850 0.02393 0.01801 0.01030 0.00567 0.00043 -0.00562 -0.01267 -0.02092
(d 20]0.02943 0.02607 0.02168 0.01612 0.00903 0.00008 -0.00529 -0.01147 -0.01853 -0.02671 -0.03618
e 22]0.02377 0.01954 0.01428 0.00770 -0.00049 -0.01081 -0.01700 -0.02397 -0.03190 -0.04101 -0.05159
g 24|0.01748 0.01249 0.00631 -0.00124 -0.01054 -0.02206 -0.02884 -0.03655 -0.04522 -0.05501 -0.06593
r 26[0.01070 0.00489 -0.00213 -0.01056 -0.02074 -0.03322 -0.04043 -0.04822 -0.05676 -0.06698 -0.08017
¢ 2810.00341 -0.00311 -0.01078 -0.01989 -0.03066 -0.04298 -0.05024 -0.05927 -0.07053 -0.08293 -0.08206
¢ 30 |-0.00416 -0.01118 -0.01937 -0.02861 -0.03916 -0.05395 -0.06284 -0.06485 -0.06251 -0.06941 -0.07860

8) 32]-0.01173 -0.01903 -0.02697 -0.03666 -0.04953 -0.04956 -0.05349 -0.05944 -0.06670 -0.07720 -0.09058

Tip speed ratio (rad)
P 6.00 6.46 7.00 7.64 8.40 9.33 1050 12.00 14.00 1680

i 01006385 0.06277 0.06020 0.05675S 0.05173 0.04558 0.03807 0.02858 0.01634 -0.00050
t 2 10.05994 0.05829 0.05579 0.05247 0.04815 0.04237 0.03533 0.02632 0.01509 -0.00072
€ 4 ]10.05411 0.05170 0.04851 0.04456 0.03958 0.03345 0.02600 0.01646 0.00354 -0.01564
h 6 [0.04627 0.04293 0.03887 0.03384 0.02779 0.02041 0.01102 -0.00134 -0.01880 -0.04720
a 8 [0.03666 0.03240 0.02719 0.02093 0.01329 0.00378 -0.00856 -0.02519 -0.04924 -0.09014
n 10 }0.02571 0.02026 0.01376 0.00586 -0.00378 -0.01602 -0.03209 -0.05439 -0.08725 -0.14010
8 12]0.01337 0.00667 -0.00136 -0.01105 -0.02321 -0.03884 -0.05980 -0.08923 -0.13310 -0.20280
1 14 |-0.00009 -0.00820 -0.01796 -0.03001 -0.04526 -0.06502 -0.09165 -0.12910 -0.18540 -0.27640
¢ 16 |-0.01471 -0.02454 -0.03639 -0.05110 -0.06964 -0.09372 -0.12640 -0.16470 -0.24370 -0.35670
(d 18 |-0.03067 -0.04221 -0.05619 -0.07344 -0.09543 -0.12430 -0.16300 -0.21680 -0.29750 -0.43860
e 20 [-0.04723 -0.06049 -0.07660 -0.09644 -0.12100 -0.15220 -0.19610 -0.26390 -0.37570 -0.50730
8 22 1-0.06402 -0.07853 -0.09540 -0.11630 -0.14520 -0.18700 -0.24440 -0.26930 -0.35030 -0.50260
r 24 |-0.07846 -0.09432 -0.11590 -0.14430 -0.17190 -0.16980 -0.21310 -0.28350 -0.40330 -0.60970}
¢ 26 [-0.09706 -0.11550 -0.11000 -0.12070 -0.14900 -0.19070 -0.25100 -0.34360 -0.43860 -0.73270
¢ 28 |-0.08309 -0.09584 -0.11320 -0.14020 -0.17710 -0.22810 -0.30080 -0.40840 -0.57660 -0.85930;
) 30 |-0.09203 -0.11060 -0.13470 -0.16650 -0.20930 -0.26790 -0.35170 -0.47480 -0.66760 -0.98970

32 |-0.10760 -0.12920 -0.15690 -0.19430 -0.24280 -0.30960 -0.40450 -0.54320 0.75960 -1.12200

Table G.1d) 1 MW, 2 blades, tip speed 84 m/s, full-span regulated - Configuration D.




Tip speed ratio (rad)

280 300 323 350 382 420 442 467 494  s25

5.60
P 0 ]0.02592 0.03039 0.03554 0.04118 0.04751 0.05497 0.05889 0.06252 0.06514 0.06665 0.06712
i 21003113 003568 0.04060 0.04627 0.05283 0.05903 0.06136 0.06297 0.06385 0.06413 0.06376

t 4 |003570 0.04009 0.04515 0.05074 0.05574 0.05899 0.05991 0.06032 0.06026 0.05965 0.05839
¢ 6 [0.03965 0.04416 0.04876 0.05267 0.05525 0.05636 0.05630 0.05581 0.05482 0.05326 0.05116
h 8 {0.04319 004691 0.04986 0.05180 0.05258 0.05194 0.05103 0.04956 0.04766 0.04522 0.04205
a 10 0.04512 0.04731 0.04869 0.04909 0.04824 0.04592 0.04412 0.04180 0.03904 0.03559 0.03152
n  12]0.04498 0.04588 0.04588 0.04482 0.04245 0.03852 0.03593 0.03279 0.02916 0.02482 0.01978
g 140.04329 0.04297 0.04168 0.03921 0.03540 0.03013 0.02676 0.02275 0.01825 0.01298 0.00688
I 16 |0.04027 0.03875 0.03621 0.03253 0.02746 0.02076 0.01663 0.01180 0.00651 0.00027 -0.00698
¢ 180.03602 0.03342 0.02984 0.02500 0.01872 0.01064 0.00580 0.00021 -0.00604 -0.01342 -0.02203
(d 20]0.03082 0.02728 0.02266 0.01679 0.00927 -0.00007 -0.00568 -0.01226 -0.01952 -0.02807 -0.03791
¢ 22002486 0.02039 0.01489 0.00793 -0.00072 -0.01147 -0.01790 -0.02529 -0.03342 -0.04293 -0.05392
g 24|0.01823 001298 0.00652 -0.00144 -0.01124 -0.02320 -0.03023 -0.03837 -0.04721 -0.05734 -0.06856
r 26001111 0.00500 -0.00234 -0.01118 -0.02187 -0.03477 -0.04218 -0.05030 -0.05906 -0.06991 -0.08395
¢ 28]0.00345 -0.00338 -0.01137 -0.02090 -0.03212 -0.04478 -0.05242 -0.06222 -0.07378 -0.08568 -0.08181
e 30 |-0.00447 -0.01181 -0.02030 -0.02986 -0.04098 -0.05652 -0.06507 -0.06330 -0.06467 -0.07223 -0.08191

s) 32]-0.01237 -0.01993 -0.02812 -0.03845 -0.05144 -0.05116 -0.05550 -0.06187 -0.06948 -0.08050 -0.09449

Tip speed ratio (rad)

6.00 6.46 7.00 7.64 8.40 9.33 10.50 1200 1400 16.80

P 0 [0.06671 0.06542 0.06284 0.05865 0.05343 0.04685 0.03870 0.02859 0.01569 -0.00184
i 2 0.06267 0.06077 0.05799 0.05438 0.04973 0.04392 0.03625 0.02692 0.01516 -0.00132
t 4 [0.05653 0.05394 0.05050 0.04625 0.04102 0.03464 0.02683 0.01692 0.00355 -0.01628
¢ 6 |0.04832 0.04477 0.04046 0.03515 0.02884 0.02117 0.01140 -0.00141 -0.01945 -0.04993
h 8 |0.03823 0.03376 0.02826 0.02166 0.01374 0.00389 -0.00892 -0.02617 -0.05106 -0.09408
a 10{0.02675 0.02105 0.01423 0.00594 -0.00405 -0.01673 -0.03343 -0.05652 -0.09060 -0.14530
n 12]0.01382 0.00685 -0.00157 -0.01172 -0.02430 -0.04046 -0.06227 -0.09278 -0.13830 -0.21170
g 14 |-0.00026 -0.00870 -0.01889 -0.03152 -0.04725 -0.06771 -0.09541 -0.13430 -0.19270 -0.28720
| 16 |-0.01554 -0.02573 -0.03811 -0.05350 -0.07262 -0.09753 -0.13150 -0.17140 -0.25210 -0.37020
e 18 |-0.03217 -0.04412 -0.05869 -0.07672 -0.09943 -0.12920 -0.16950 -0.22510 -0.30880 -0.45370
(d 20 |-0.04939 -0.06311 -0.07988 -0.10050 -0.12580 -0.15800 -0.20380 -0.27460 -0.38750 -0.54050
e 22}-0.06677 -0.08164 -0.09911 -0.12110 -0.15140 -0.19500 -0.25430 -0.27760 -0.35660 -0.52100
g 24 1-0.08162 -0.09834 -0.12120 -0.15060 -0.17030 -0.17530 -0.21670 -0.29500 -0.41950 -0.63410
r 26 |-0.10140 -0.11850 -0.11180 -0.12600 -0.15540 -0.19850 -0.26140 -0.35770 -0.50840 -0.76230
¢ 28 |-0.08648 -0.09980 -0.11930 -0.14640 -0.18450 -0.23740 -0.31320 -0.42510 -0.60010 -0.89450
e 30 -0.09597 -0.11520 -0.14040 -0.17380 -0.21800 -0.27930 -0.36620 -0.49420 -0.69470 -I.03000r

8) 32 |-0.11220 -0.13460 -0.16350 -0.20260 -0.25280 -0.32210 -0.42100 -0.56530 £0.79040 -1.16800

Table G.1e) 1 MW, 3 blades, tip speed 84 m/s, full-span regulated- Configuration E.
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Tip speed ratio (rad)
220 2.36 2.54 2.75 3.00 3.30 3.47 3.67 3.88 4.13

4.40
P 0 |0.01980 0.02358 0.02914 0.03583 0.04366 0.05260 0.05725 0.06258 0.06808 0.07406 0.07894
i 2 ]0.02508 0.03026 0.03614 0.04294 0.05068 0.05933 0.06414 0.06945 0.07411 0.07793 0.07994
t 41003113 0.03648 0.04245 0.04912 0.05668 0.06534 0.06947 0.07314 0.07562 0.07708 0.0774s

¢ 6 |0.03672 0.04211 0.04792 0.05452 0.06196 0.06867 0.07105 0.07277 0.07358 0.07357 0.07273
h 8 [0.04176 0.04701 0.05283 0.05915 0.06480 0.06849 0.06943 0.06973 0.06930 0.06803 0.06590
a 10]0.04621 0.05147 0.05685 0.06150 0.06463 0.06586 0.06563 0.06460 0.06303 0.06051 0.05723
n  12]0.05027 0.05492 0.05871 0.06125 0.06226 0.06128 0.05990 0.05776 0.05497 0.05127 0.04684
g 14[0.05319 0.05632 0.05831 0.05903 0.05805 0.05490 0.05253 0.04929 0.04554 0.04062 0.03497
| 16 0.05420 0.05575 0.05614 0.05504 0.05216 0.04720 0.04382 0.03960 0.03469 0.02865 0.02187
¢ 18]0.05347 0.05353 0.05230 0.04956 0.04500 0.03821 0.03397 0.02862 0.02281 0.01569 0.00781
(d 20]0.05120 0.04979 0.04710 0.04283 0.03666 0.02822 0.02307 0.01681 0.01008 0.00181 -0.00748
¢ 22]0.04752 004476 0.04069 0.03503 0.02740 0.01736 0.01140 0.00425 -0.00358 -0.01319 -0.02385
g 240.04263 0.03861 0.03330 0.02635 0.01732 0.00579 -0.00100 -0.00927 -0.01813 -0.02890 -0.04072
r 26 {0.03670 0.03154 0.02508 0.01690 0.00655 -0.00652 -0.01416 -0.02326 -0.03297 -0.04467 -0.05741
e 28]0.02989 0.02368 0.01614 0.00680 -0.00481 -0.01917 -0.02743 -0.03724 -0.04746 -0.05930 -0.07187

¢ 30}0.02234 0.01514 0.00660 -0.00379 -0.01641 -0.03172 -0.04022 -0.04983 -0.05995 -0.07331 -0.08948

s) 3210.01411 0.00604 -0.00340 -0.01454 -0.02779 -0.04279 -0.05141 -0.06278 -0.07535 -0.07709 -0.07899

Tip speed ratio (rad)

4.71 5.08 5.50 6.00 6.60 7.33 8.25 9.43 11.00  13.20

P 0 ]0.08171 0.08199 0.07987 0.07586 0.06895 0.06153 0.05251 0.04143 0.02761 0.00963
i 2 ]0.08045 0.07964 0.07730 0.07353 0.06793 0.06124 0.05258 0.04233 0.02991 0.01369
t 4 (007679 0.07489 0.07196 0.06772 0.06227 0.05534 0.04689 0.03667 0.02359 0.00541
¢ 6 ]0.07087 0.06801 0.06398 0.05870 0.05226 0.04438 0.03461 0.02240 0.00590 -0.01854
h 8 {0.06296 0.05870 0.05347 0.04711 0.03916 0.02955 0.01747 0.00148 -0.02079 -0.06337
a 10]0.05293 0.04748 0.04102 0.03301 0.02330 0.01128 -0.00425 -0.02507 -0.05504 -0.10860
n 12]0.04138 0.03449 0.02654 0.01682 0.00484 -0.01012 -0.02986 -0.05693 -0.09672 -0.16060
g 14002821 0.02005 0.01040 -0.00140 -0.01597 -0.03453 -0.05947 -0.09430 -0.14580 -0.23020
1 16]0.01397 0.00411 -0.00739 -0.02154 -0.03931 -0.06223 -0.09310 -0.13620 -0.18240 -0.30440
e 18 |-0.00162 -0.01321 -0.02690 -0.04377 -0.06507 -0.09236 -0.12930 -0.16090 -0.25920 -0.38260
(d 20 |-0.01847 -0.03207 -0.04789 -0.06748 -0.09204 -0.12380 -0.16680 -0.22580 -0.31240 -0.46100
e 22 |-0.03641 -0.05163 -0.06956 -0.09175 -0.11940 -0.15370 -0.20000 -0.27080 -0.38600 -0.51520
g 24 |-0.05450 -0.07145 -0.09084 -0.11380 -0.14300 -0.18500 -0.24670 -0.28530 -0.34930 -0.50200
r 26 ]-0.07193 -0.08884 -0.10940 -0.13820 -0.17610 -0.17960 -0.21110 -0.28280 -0.40090 -0.60960
¢ 28 -0.08754 -0.10920 -0.13400 -0.12820 -0.14870 -0.18580 -0.24440 -0.33510 -0.47910 -0.72040
¢ 30 [-0.10500 -0.09790 -0.11350 -0.13550 -0.16880 -0.21730 -0.28860 -0.39260 -0.55970 -0.83670

5) 32]-0.08950 -0.10400 -0.12580 -0.15640 -0.19760 -0.25410 -0.33520 -0.45520 -0.64210 -0.95650

Table G.1f) 1 MW, 3 blades, tip speed 66 m/s, full-span regulated- Configuration F.
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Wind speed |  Tip angle (°) oT/op oTlov Wind speed Tip angle (°) TP 3nav
(kNm”) | (KNm/m/s) (kNm/®) (kKNmvmv/s)
11.3 0.00 -1.458 15.000 13 0.00 -1.538 14.228
12 312 4.479 14292 12 3.10 4.038 13.324
13 5.70 -6.563 14.646 13 5.70 -6.153 13.651
14 7.70 -8.333 15.188 14 .72 -7.883 14.151
15 9.41 -9.792 15.708 15 9.44 -9.037 14.689
16 10.97 -10.938 16.229 16 11.00 -10.190 15.132
17 12.40 -12.083 16.875 17 12.42 -11.344 15.728
18 13.80 -13.438 17.500 18 13.86 12,690 16.305
19 15.03 -14.583 18.271 19 15.04 -13.555 17.016
20 16.25 -15.833 18.917 20 16.27 -14.709 17.612
21 17.40 -16.875 19.563 21 17.44 -15.766 18.227
22,0 18.53 -17.813 20.167 22 18.59 -16.728 18.804
23 19.64 -18.958 20.750 23 19.68 -17.881 19.362
24 20.75 -20.208 21.167 24 20.76 -18.785 19.785
25 21.80 -21.250 22.000 25 21.80 -19.804 20.515
Configuration A. Configuration B.
Wind speed |  Tip angle (°) ELER arav
(kNm/°) (kKNm/mJs)

1.3 0.00 -0.242 16.848

12 457 -3.879 16218

13 7.85 -6.182 16.824

14 10.30 -7.879 17.479

15 12.40 -9.212 18.303

16 14.26 -10.667 19.152

17 15.98 -12.000 19.952

18 17.60 -13.212 20.655

19 19.13 -14.424 21.479

20 20.59 -15.515 22.182

21 21.99 -16.727 23.006

22 23.33 -17.818 23.806

23 24.63 -19.152 24.267

24 25.89 -20.364 25.261

25 27.11 -21.576 26.061

Configuration C.

Table G.2a) Partial derivatives for the 300 kW full-span regulated rotors
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Wind speed |  Tip angle (°) oT/op oTiov Wind speed Tip angle (°) aTop Aoy
(kNm/°) (KNm/my/'s) (kKNm/°) (KNm/nv's)
112 0.00 -10.133 93.619 1.2 0.00 9.569 9735
12 3.55 -29.186 87.742 12 382 -27.858 87.549
13 6.00 42524 89.747 13 622 44,966 90.063
14 7.95 -51.221 93218 14 8.11 54739 93.159
15 9.65 -60.272 97.473 15 9.75 61025 96.769
16 1115 -67.990 100.978 16 1123 -69.068 100.623
17 12.55 -78.084 104.215 17 12.62 219232 104.621
18 13.90 -80.142 107.677 18 13.94 81715 108.525
19 15.15 -90.544 114.017 19 1517 92293 1H2.710
20 16.40 -100.206 117.653 20 16.37 -102.038 116.107
2 18.65 -112.683 123.734 2 18.63 -115.192 123.783
23 19.80 -115.436 126.621 23 19.7 -117.795 128.426
24 20.85 -126.060 133.413 24 20.76 -128.759 132.220
26 22.90 -139.468 137.013 26 22.78 -142.925 140.312
28 24.85 -154.759 146.858 28 2471 -158.118 147.511
30 26.70 -169.918 156.730 30 26.56 -174.301 158.199
Configuration D. Configuration E.
Wind speed |  Tip angle (°) oT/08 oTiov
(kKNm/%) _(kNm/m/s)

11.22 0.00 -4.814 109.068

12 5.25 -29.769 106.607

13 8.30 -43.727 111.082

14 10.65 -54.767 116.159

15 12.65 -64.511 120.736

16 14.50 -73.890 125.427

17 16.20 -83.026 132.207

18 17.80 -85.761 136.121

19 19.30 -95.214 142.136

20 20.75 -104.933 144.814

22 23.50 -117.844 155.270

23 24.75 -128.871 162.507

24 26.05 -140.520 165.471

26 28.40 -155.731 173.886

28 30.65 -172.011 182.927

30 32.85 -178.957 199.399

Configuration F.

Table G.2b) Partial derivatives for the 1 MW full-span regulated rotors
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5)

10
12
14
16
18
20
22
24
26
28
30
35

2.8

3

3.231 3.36 35

Tip speed ratio (rad)

3.652

3.818

4

42 4.421

4.667 4941

5.25

0.02505
0.02650
0.02762
0.02867
0.02950
0.02899
0.02767
0.02613
0.02427
0.02215
0.01989
0.01750
0.01502
0.01248
0.00983

0.00719

0.00212

0.02933
0.03079
0.03188
0.03304
0.03300
0.03177
0.03026
0.02844
0.02629
0.02397
0.02150
0.01891
0.01625
0.01348
0.01063
0.00795

0.00228

0.03422 0.03683 0.03954
0.03546 0.03818 0.04111
0.03686 0.03952 0.04212
0.03734 0.03940 0.04141
0.03631 0.03809 0.03995
0.03482 0.03649 0.03819
0.03301 0.03452 0.03605
0.03088 0.03222 0.03359
0.02848 0.02969 0.03094
0.02592 0.02701 0.02812
0.02322 0.02418 0.02516
0.02042 0.02126 0.02209
0.01752 0.01821 0.01887
0.01447 0.01503 0.01559
0.01150 0.01202 0.01249
0.00874 0.00927 0.00992

0.00320 0.01032 0.01279

0.04243
0.04410
0.04454
0.04339
0.04181
0.03988
0.03756
0.03495
0.03216
0.02919
0.02609
0.02286
0.01944
0.01608
0.01289
0.01059

0.01287

0.04557
0.04708
0.04682
0.04543
0.04372
0.04158
0.03910
0.03633
0.03339
0.03025
0.02700
0.02356
0.01997
0.01651
0.01330
0.01097

0.01301

0.04901
0.05003
0.04915
0.04764
0.04575
0.04341
0.04076
0.03783
0.03471
0.03140
0.02796
0.02429
0.02054
0.01694
0.01388
0.01079

0.01286

0.05265 0.05627
0.05295 0.05583
0.05170 0.05440
0.05005 0.05257
0.04796 0.05027
0.04542 0.04756
0.04258 0.04450
0.03949 0.04122
0.03617 0.03769
0.03268 0.03398
0.02901 0.03003
0.02509 0.02586
0.02118 0.02177
0.01741 0.01791
0.01461 0.01497
0.01012 0.00983

0.01250 0.01184

0.05953 0.06200
0.05855 0.06076
0.05699 0.05906
0.05497 0.05682
0.05247 0.05410
0.04955 0.05095
0.04628 0.04747
0.04278 0.04370
0.03902 0.03968
0.03505 0.03540
0.03078 0.03076
0.02635 0.02607
0.02201 0.02143
0.01827 0.01787
0.01427 0.01212
0.01642 0.02168

0.01054 0.00802

0.06351
0.06215
0.06027
0.05782
0.05485
0.05146
0.04775
0.04368
0.03936
0.03467
0.02964
0.02461
0.01976
0.01584
0.00938
0.01876

0.00377

)]

10
12
14
16
18
20
2
2
26
28
30
35

5.60

6.00

Tip speed ratio (rad)

6.46 7.00 7.43

7.64

8.40

9.33

10.50  12.00

1400 16.80

0.06408
0.06261
0.06055
0.05789
0.05467
0.05101
0.04701
0.04261
0.03790
0.03273
0.02728
0.02179
0.01696
0.01149
0.01616

0.01464

-0.00253 -0.01112 -0.02253 -0.03769 -0.05109 -0.05769 -0.08427 -0.12030 -0.17040 -0.24250 -0.35240 -0.53300

0.06386
0.06226
0.06004
0.05715
0.05367
0.04972
0.04534
0.04056
0.03536
0.02962
0.02368
0.01765
0.01280
0.00506
0.01574

0.00843

0.06278 0.06020 0.05787
0.06108 0.05889 0.05677
0.05871 0.05637 0.05414
0.05557 0.05295 0.05053
0.05180 0.04885 0.04616
0.04752 0.04416 0.04109
0.04270 0.03881 0.03533
0.03744 0.03293 0.02888
0.03160 0.02629 0.02158
0.02521 0.01914 0.01376

0.01862 0.01166 0.00555

0.01212 0.00487 -0.00154 -0.00477 -0.01822 -0.03743 -0.06372 -0.09373 -0.12550 -0.18940
0.00645 -0.00312 -0.01183 -0.01604 -0.03025 -0.03236 -0.05528 -0.08611 -0.13990 -0.22790
.0.00203 0.00243 -0.00279 -0.00402 -0.01971 -0.04085 -0.07035 -0.11260 -0.17640 -0.28040
0.00818 -0.00165 -0.01066 -0.01516 -0.03330 -0.05795 -0.09194 -0.14060 -0.21410 -0.33430
-0.00018 -0.01178 -0.02209 -0.02718 -0.04767 -0.07548 -0.11390 -0.16910 -0.25270 -0.38960

0.05675
0.05568
0.05300
0.04929
0.04481
0.03956
0.03359
0.02686
0.01925
0.01110

0.00255

0.05173
0.05142
0.04857
0.04458
0.03961
0.03364
0.02682
0.01897
0.01011

0.00058

-0.00904 -0.02422 -0.04488 -0.07445 -0.12310 -0.19690

0.04558
0.04542
0.04277
0.03844
0.03281
0.02593
0.01793

0.00857

-0.00195 -0.01787 -0.03954 -0.07112 -0.11970

-0.01341

0.03806 0.02858
0.03807 0.02887
0.03563 0.02691
0.03084 0.02142
0.02425 0.01350

0.01615 0.00354

0.00645 -0.00866 -0.02954 -0.05980

-0.00500 -0.02312 -0.04867 -0.08704

-0.03194 -0.05704 -0.09300 -0.15320

0.01633 -0.00052
0.01767 0.00267
0.01591 0.00100
0.00930 -0.0075t
-0.00065 -0.02078

-0.01348 -0.03849

Table G.3a) 300 kW, 2 blades, tip speed 84 m/s, tip regulated - Configuration G.
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Tip speed ratio (rad)

P 2.80 3.00 323 3.50 382 4.20 4.42 4.67 4.94 5.25 5.60

i 0002606 0.03056 0.03575 0.04139 0.04771 0.05524 0.05919 0.06276 0.06541 0.06690 0.06734
t 2002779 003241 0.03730 0.04321 0.04975 0.05598 0.05891 0.06165 0.06386 0.06517 0.06549
¢ 4 [002926 0.03371 0.03898 0.04471 0.04978 0.05450 0.05712 0.05968 0.06172 0.06281 0.06288
h 6 [0.03046 0.03519 0.03988 0.04413 0.04808 0.05243 0.05483 0.05715 0.05891 0.05972 0.05953

8 |0.03163 0.03549 0.03883 0.04233 0.04596 0.04984 0.05197 0.05402 0.05549 0.05601 0.05548
a 10003133 0.03409 0.03698 0.04017 0.04333 0.04668 0.04856 0.05036 0.05155 0.05176 0.05092
n 12002976 003224 0.03477 0.03751 0.04023 0.04314 0.04476 0.04628 0.04721 0.04713 0.04594
g 14002787 0.03000 0.03214 0.03448 0.03678 0.03927 0.04067 0.04193 0.04254 0.04209 0.04049
| 16 0.02561 0.02736 0.02915 0.03117 0.03312 0.03517 0.03631 0.03728 0.03757 0.03675 0.03470
¢ 18002299 0.02447 0.02598 0.02767 0.02925 0.03085 0.03173 0.03239 0.03230 0.03101 0.02836
(@ 20 (002019 002141 0.02264 0.02402 0.02522 0.02634 0.02688 0.02715 0.02663 0.02489 0.02176
¢ 22/001723 001821 0.01918 0.02024 0.02101 0.02154 0.02179 0.02178 0.02096 0.01880 0.01513
g 24001417 001493 001562 0.01628 0.01662 0.01680 0.01684 0.01653 0.01539 0.01307 0.00954
r 26001104 001153 0.01189 001228 0.01242 0.01227 0.01226 0.01217 001121 0.00822 0.00245
¢ 28]0.00779 0.00804 0.00826 0.00853 0.00859 0.00896 0.00865 0.00704 0.00400 0.00123 0.01146

e 30[0.00455 0.00476 0.00492 0.00548 0.00571 0.00337 0.00292 0.01312 0.01580 0.01195 0.00674

s) 35 |-0.00165 -0.00214 -0.00054 0.00883 0.00833 0.00650 0.00506 0.00292 -0.00057 -0.00606 -0.01388

Tip speed ratio (rad)
P 6.00 6.46 7.00 7.64 8.40 9.33 1050 1200 1400 1680

i 0 {0.06691 0.06558 0.06296 0.05875 0.05337 0.04681 0.03865 0.02849 0.01551 -0.00202
t 2 |0.06490 0.06342 0.06085 0.05723 0.05256 0.04654 0.03858 0.02911 0.01747 0.00197
c 4 |0.06208 0.06044 0.05769 0.05388 0.04903 0.04295 0.03547 0.02644 0.01509 -0.00027
h 6 |0.05844 0.05648 0.05340 0.04925 0.04405 0.03755 0.02951 0.01963 0.00689 -0.01085

8 |0.05406 0.05175 0.04827 0.04365 0.03785 0.03054 0.02135 0.00982 -0.00543 -0.02730
a 10]0.04913 0.04641 0.04242 0.03712 0.03046 0.02204 0.01134 -0.00246 -0.02122 -0.04905
n 12[0.04371 0.04044 0.03582 0.02975 0.02207 0.01220 -0.00056 -0.01739 -0.04085 -0.07644
g 140.03779 0.03396 0.02858 0.02148 0.01245 0.00077 -0.01451 -0.03496 -0.06404 -0.10830
1 16 ]0.03141 0.02680 0.02047 0.01221 0.00169 -0.01197 -0.03007 -0.05480 -0.09055 -0.14660
e 18]0.02441 0.01904 0.01180 0.00237 -0.00981 -0.02576 -0.04686 -0.07539 -0.11670 -0.18530
(d 20]0.01722 0.01107 0.00280 -0.00784 -0.02119 -0.03843 -0.06223 -0.09715 -0.15070 -0.23580
e 221001001 0.00343 -0.00505 -0.01648 -0.03262 -0.05541 -0.08567 -0.10920 -0.14600 -0.22890
g 24 |0.00431 -0.00365 -0.01545 -0.03055 -0.04066 -0.04602 -0.06917 -0.11100 -0.17430 -0.27850
t 26 |-0.00540 -0.01216 -0.00506 -0.01576 -0.03404 -0.05870 -0.09332 -0.14300 -0.21820 -0.34160
¢ 28)0.00776 -0.00127 -0.01304 -0.02911 -0.05048 -0.07932 -0.11920 -0.17650 -0.26350 -0.40630
¢ 30 |-0.00096 -0.01138 -0.02526 -0.04353 -0.06772 -0.10030 -0.14550 -0.21060 -0.30960 -0.47250

s) 35 ]-0.02438 -0.03814 -0.05626 -0.08004 -0.11150 -0.15400 -0.21310 -0.29850 -0.42900 -0.64410

Table G.3b) 300 kW, 3 blades, tip speed 84 mVs, tip regulated - Configuration H.
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Tip speed ratio (rad)
P 22 2357 2538 264 2.75 2.87 3 3.143 33 3474

3667 3.882
i 0 10.02010 002387 0.02953 0.03285 0.03638 0.04019 0.04432 0.04875 0.05336 0.05817 0.06338 0.06906
t 2 10.02329 0.02708 0.03151 0.03465 0.03831 0.04215 0.04605 0.05036 0.05522 0.06030 0.06528 0.07011
¢ 400259 0.02872 0.03319 0.03628 0.03974 0.04353 0.04766 0.05218 0.05679 0.06111 0.06503 0.06901

b 6 [0.02734 0.03016 0.03437 0.03748 0.04117 0.04508 0.04893 0.05271 0.05638 0.05991 0.06344 0.06723
8 |0.02857 0.03117 0.03566 0.03880 0.04214 0.04534 0.04833 0.05142 0.05473 0.05809 0.06143 0.06500
a 10]0.02947 0.03233 0.03633 0.03877 0.04135 0.04396 0.04666 0.04960 0.05274 0.05586 0.05892 0.06221
n 12]0.03049 0.03268 0.03535 0.03733 0.03968 0.04215 0.04468 0.04740 0.05028 0.05315 0.05597 0.05898
g 14]0.03051 003154 0.03369 0.03555 0.03773 0.04000 0.04228 0.04475 0.04740 0.05003 0.05263 0.05541
I 16]0.02923 0.02990 0.03176 0.03340 0.03536 0.03741 003951 0.04179 0.04424 0.04666 0.04900 0.05151
¢ 18]0.02760 0.02796 0.02944 0.03090 0.03270 0.03458 0.03650 0.03859 0.04082 0.04301 0.04512 0.04737
(d 20[0.02567 0.02569 0.02687 0.02818 0.02981 0.03152 0.03326 0.03516 0.03721 0.03918 0.04105 0.04301
¢ 22002343 0.02319 0.02409 0.02526 0.02674 0.02830 0.02987 0.03160 0.03344 0.03519 0.03676 0.03835
g 24002100 002052 0.02116 0.02220 0.02354 0.02495 0.02636 0.02790 0.02950 0.03094 0.03218 0.03344
r 26001841 0.01771 0.01814 0.01905 0.02025 0.02149 0.02270 0.02398 0.02534 0.02656 0.02760 0.02866
¢ 281001572 0.01483 001503 001579 0.01681 0.01786 0.01888 0.02003 0.02127 0.02236 0.02321 0.02416

¢ 30]0.01297 0.01188 0.01178 0.01239 0.01330 0.01427 0.01524 0.01630 0.01745 0.01859 0.01985 0.02089

s) 35]0.00580 0.00441 0.00418 0.00492 0.00617 0.00732 0.00774 0.00772 0.00963 0.02263 0.02301 0.02350

Tip speed ratio (rad)

P 44 4714  5.077 5.5 5.841 6 6.6 7.333 8.25 9.429 11 13.2

i 01007982 0.08247 0.08256 0.08026 0.07735 0.07604 0.06891 0.06140 0.05228 0.04112 0.02719 0.00907
t 2 |0.07891 0.08126 0.08124 0.07940 0.07678 0.07554 0.06911 0.06172 0.05255 0.04184 0.02892 0.01265
¢ 4 |0.07729 0.07947 0.07929 0.07731 0.07464 0.07337 0.06729 0.06012 0.05144 0.04109 0.02854 0.01272
h 6 |0.07508 0.07702 0.07662 0.07439 0.07155 0.07020 0.06385 0.05640 0.04749 0.03677 0.02360 0.00650

8 0.07229 0.07395 0.07322 0.07067 0.06759 0.06612 0.05935 0.05142 0.04181 0.03002 0.01519 -0.00469
a 10]0.06895 0.07029 0.06921 0.06630 0.06292 0.06131 0.05396 0.04524 0.03454 0.02123 0.00401 -0.01987
n 12006515 0.06617 0.06474 0.06133 0.05755 0.05575 0.04768 0.03799 0.02593 0.01057 -0.00988 -0.03918
g 141006096 006161 0.05974 0.05583 0.05159 0.04957 0.04061 0.02968 0.01584 -0.00214 -0.02662 -0.06255
1 16005644 0.05670 0.05434 0.04979 0.04499 0.04271 0.03260 0.02015 0.00423 -0.01671 -0.04574 -0.08941
e 18005162 0.05141 0.04844 0.04311 0.03765 0.03504 0.02373 0.00971 -0.00841 -0.03269 -0.06693 -0.11870
(d 20 |0.04643 0.04564 0.04201 0.03592 0.02984 0.02694 0.01442 -0.00125 -0.02170 -0.04873 -0.08686 -0.14680
e 22]0.04086 0.03959 0.03541 0.02859 0.02184 0.01862 0.00497 -0.01168 -0.03349 -0.06497 -0.11310 -0.18710
g 24003532 0.03358 0.02880 0.02152 0.01471 0.01148 -0.00290 -0.02305 -0.05114 -0.07623 -0.10740 -0.16790
r 26]0.02990 0.02812 0.02360 0.01556 0.00677 0.00233 -0.01587 -0.02051 -0.03426 -0.07037 -0.12430 -0.21140
e 28002591 0.02312 0.01569 0.00613 0.01380 0.01216 -0.00078 -0.02216 -0.05187 -0.09390 -0.15650 -0.25740
¢ 30]0.01891 0.01771 002854 0.01922 0.01053 0.00619 -0.01259 -0.03726 -0.07082 -0.11830 0.18940 -0.30430

s) 35002181 0.01740 0.00907 -0.00322 -0.01487 -0.02053 -0.04441 -0.07596 -0.11920 -0.18100 -0.27410 -0.42580]

Table G.3¢) 300 kW, 3 blades, tip speed 66 m/s, tip regulated - Configuration I.
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Tip speed ratio (rad)

2.80 3.00 323 3.50 3.82 420 4.42 4.67 4.94 5.2 5.60

P 0 10.02505 0.02933 0.03422 0.03954 0.04556 0.05264 0.05626 0.05952 0.06199 0.06350 0.06407

t 2002639 0.03065 0.03535 0.04100 0.04693 0.05287 0.05583 0.05862 0.06086 0.06226 0.06273

h 4 (002740 003167 0.03665 0.04188 0.04664 0.05172 0.05453 0.05720 0.05931 0.06055 0.06085
a 6 0.02838 0.03273 0.03703 0.04119 0.04537 0.05021 0.05285 0.05534 0.05726 0.05830 0.05842
g 8 [0.02912 003263 0.03605 0.03985 0.04380 0.04829 0.05074 0.05305 0.05477 0.05560 0.05547
¢ 10]0.02859 0.03148 0.03469 0.03824 0.04183 0.04597 0.04826 0.05038 0.05189 0.05248 005213
(d 12]0.02737 0.03009 0.03302 0.03626 0.03956 0.04336 0.04545 0.04738 0.04870 0.04908 0.04846
e 14002595 0.02841 0.03106 0.03401 0.03702 0.04053 0.04245 0.04417 0.04524 0.04536 0.04443
g 16002424 0.02644 0.02886 0.03158 0.03432 0.03749 0.03921 0.04072 0.04155 0.04139 0.04011
r 18]0.02229 002430 002652 0.02899 0.03144 0.03429 0.03581 0.03708 0.03762 0.03708 0.03535
¢ 20]0.02022 0.02204 0.02404 0.02627 0.02846 0.03092 0.03218 0.03316 0.03336 0.03246 0.03034
e 22001802 0.01966 0.02146 0.02346 0.02530 0.02731 0.02835 0.02909 0.02904 0.02783 0.02528
$) 24 (001575 0.01722 001880 0.02050 0.02200 0.02373 0.02459 0.02509 0.02477 0.02336 0.02082

26 {0.01342 0.01468 0.01601 0.01749 0.01882 0.02026 0.02104 0.02165 0.02148 0.01974 0.01580

28 [0.01099 0.01207 0.01329 0.01465 0.01588 0.01768 0.01832 0.01795 0.01619 0.01378 0.01980

30 |0.00857 0.00961 0.01075 0.01230 0.01372 0.01353 0.01359 0.02015 0.02493 0.02237 0.01862

32 {0.00634 0.00742 0.00897 0.00993 0.00985 0.02128 0.02141 0.02133 0.02004 0.01708 0.01234

Tip speed ratio (rad)
6.00 6.46 7.00 7.64 8.40 9.33 10.50 12,00 1400 16.80

P 0 |0.06385 0.06277 0.06020 0.05675 0.05173 0.04558 0.03807 0.02858 0.01634 -0.00050
t 2 ]0.06239 0.06122 0.05904 0.05583 0.05155 0.04549 0.03812 0.02887 0.01759 0.00253
h 4 10.06037 0.05906 0.05674 0.05339 0.04896 0.04311 0.03594 0.02718 0.01611 0.00118
a 6 |0.05773 0.05620 0.05362 0.05000 0.04531 0.03916 0.03158 0.02218 0.01012 -0.00651
g 8 [0.05454 0.05275 0.04988 0.04591 0.04077 0.03402 0.02557 0.01496 0.00104 -0.01862
¢ 10]0.05093 0.04883 0.04558 0.04110 0.03531 0.02772 0.01815 0.00584 -0.01070 -0.03480
(d 12]0.04692 0.04441 0.04068 0.03563 0.02906 0.02038 0.00926 -0.00533 -0.02541 -0.05425
e 14004253 0.03959 0.03528 0.02945 0.02185 0.01180 -0.00125 -0.01862 -0.04299 -0.07930
g 16]0.03776 0.03422 0.02918 0.02246 0.01371 0.00212 -0.01310 -0.03373 -0.06370 -0.10950
r 18 ]0.03248 002835 0.02260 0.01495 0.00493 -0.00844 -0.02608 -0.04994 -0.08397 -0.14070
¢ 20002702 0.02228 0.01571 0.00706 -0.00397 -0.01847 -0.03805 -0.06586 -0.11160 -0.18080
¢ 22002146 001627 0.00942 0.00029 -0.01239 -0.03050 -0.05531 -0.08622 -0.11540 -0.17460
5) 24]0.01697 0.01105 0.00211 -0.01004 -0.02393 -0.02659 -0.04804 -0.07679 -0.12720 -0.20930

26 |0.00986 0.00315 0.00670 0.00094 -0.01389 -0.03386 -0.06159 -0.10130 -0.16090 -0.25780

28 [0.01963 0.01257 0.00333 -0.00936 -0.02643 -0.04965 -0.08155 -0.12710 -0.19570 -0.30770

30 |0.01288 0.00485 -0.00601 -0.02047 -0.03972 -0.06585 -0.10190 -0.15340 -0.23140 -0.35880

32 | 0.00565 -0.00334 -0.01556 -0.03169 -0.05314 -0.08228 -0.12250 -0.18030 -0.26780 -041110

Table G.3d) 1 MW, 2 blades, tip speed 84 m/s, tip regulated - Configuration J.
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Tip speed ratio (rad)

280 300 323 350 382 420 442 467 494  $25

5.60
P 0 [0.02592 0.03039 0.03554 0.04118 0.04751 0.05497 0.05889 0.06252 0.06514 0.06665 0.06712
t 21002731 0.03185 0.03673 0.04268 0.04908 0.05546 0.05861 0.06163 0.06393 0.06531 0.06567
h 41002842 0.03287 0.03810 0.04379 0.04897 0.05426 0.05720 0.06008 0.06226 0.06346 0.06363
a 6 ]0.02940 0.03405 0.03870 0.04319 0.04761 0.05263 0.05540 0.05808 0.06004 0.06104 0.06100

g 8003029 0.03413 0.03774 0.04176 0.04594 0.05059 0.05314 0.05561 0.05736 0.05812 0.05782
¢ 1010.02987 0.03293 0.03628 0.04005 0.04385 0.04809 0.05046 0.05273 0.05426 0.05479 0.05423
(d 12]0.02858 0.03147 0.03452 0.03794 0.04140 0.04531 0.04747 0.04952 0.05084 0.05114 0.05032
¢ 141002708 002968 0.03243 0.03554 0.03868 0.04226 0.04426 0.04610 0.04718 0.04717 0.04603
g 16]0.02527 0.02759 0.03008 0.03293 0.03580 0.03904 0.04082 0.04243 0.04326 0.04296 0.04145
r 18]0.02319 0.02531 0.02758 0.03018 0.03275 0.03563 0.03721 0.03858 0.03910 0.03842 0.0364S
¢ 20]0.02098 0.02290 0.02495 0.02731 0.02958 0.03207 0.03339 0.03443 0.03462 0.03359 0.03122
e 22(0.01866 0.02038 0.02223 0.02433 0.02625 0.02828 0.02937 0.03018 0.03013 0.02876 0.02596
s) 24]0.01625 0.01780 0.01942 0.02120 0.02278 0.02454 0.02545 0.02602 0.02572 0.02421 0.02149

26 |10.01379 0.01512 0.01648 0.01806 0.01947 0.02096 0.02184 0.02259 0.02238 0.02030 0.01583

28 10.01122 0.01237 0.01364 0.01510 0.01647 0.01836 0.01892 0.01838 0.01661 0.01482 0.02268

30 | 0.00869 0.00981 0.01102 0.01276 0.01415 0.01380 0.01449 0.02455 0.02582 0.02309 0.01902

32 10.00638 0.00759 0.00923 0.01006 0.01054 0.02211 0.02217 0.02213 0.02076 0.01755 0.01243

Tip speed ratio (rad)

6.00 6.46 7.00 7.64 8.40 9.33 1050 12.00 1400 16.80

P 0 }0.06671 0.06542 0.06284 0.05865 0.05343 0.04685 0.03870 0.02859 0.01569 -0.00184
t 2 ]0.06514 0.06374 0.06119 0.05755 0.05288 0.04678 0.03872 0.02913 0.01734 0.00168
h 4 ]0.06294 0.06140 0.05872 0.05493 0.05013 0.04399 0.03640 0.02724 0.01577 0.00042
a 6 [0.06008 0.05830 0.05536 0.05130 0.04623 0.03977 0.03177 0.02198 0.00950 -0.00761
g 8 ]0.05665 0.05459 0.05133 0.04690 0.04137 0.03429 0.02539 0.01433 -0.00009 -0.02034
e 10]0.05277 0.05039 0.04673 0.04177 0.03557 0.02761 0.01754 0.00473 -0.01243 -0.03730
(d 120.04851 0.04569 0.04153 0.03597 0.02896 0.01989 0.00819 -0.00700 -0.02783 -0.05880
e 14004385 0.04058 0.03583 0.02945 0.02138 0.01087 -0.00281 -0.02088 -0.04616 -0.08384
g 16003881 0.03494 002942 0.02211 0.01286 0.00079 -0.01516 -0.03662 -0.06723 -0.11460
r 18 ]0.03327 0.02880 0.02255 0.01428 0.00372 -0.01019 -0.02859 -0.05324 -0.08836 -0.14580
e 20002757 0.02247 0.01538 0.00613 -0.00544 -0.02044 -0.04088 -0.07019 -0.11470 -0.18550
e 22002183 0.01636 0.00906 -0.00081 -0.01442 -0.03365 -0.05956 -0.08556 -0.11410 -0.18220
) 24001726 0.01073 0.00088 -0.01200 -0.02353 -0.02770 -0.04670 -0.08190 -0.13460 -0.22040

26 {0.00953 0.00373 0.00820 -0.00047 -0.01599 -0.03687 -0.06608 -0.10760 -0.16990 -0.27110

28 |0.01980 0.01236 0.00243 -0.01122 -0.02916 -0.05341 -0.08690 -0.13450 -0.20630 -0.32320

30 [0.01279 0.00425 -0.00738 -0.02282 -0.04302 -0.07028 -0.10810 -0.16200 -0.24350 -0.37660

32 | 0.00526 -0.00434 -0.01732 -0.03452 -0.05701 -0.08740 -0.12960 -0.19000 -0.28140 -0.43100

Table G.3¢) 1 MW, 3 blades, tip speed 84 m/s, tip regulated - Configuration K.
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Tip speed ratio (rad)

2.20 2.36 254 2.75 3.00 3.30 347 3.67 3.88 413

P 0 0.01980 0.02358 0.02914 0.03583 0.04366 0.05260 0.05725 0.06258 0.06808 0.07406
t 2 (002293 0.02675 0.03110 0.03773 0.04538 0.05442 0.05935 0.06448 0.06917 0.07399
h 4 (002559 0.02836 0.03275 0.03915 0.04696 0.05600 0.06021 0.06426 0.06811 0.07251
a 6 0.02696 002979 0.03392 0.04055 0.04824 0.05563 0.05905 0.06268 0.06636 0.07056
g 8 (002817 0.03079 0.03519 0.04154 0.04767 0.05400 0.05725 0.06069 0.06414 0.06807
¢ 10]0.02906 0.03193 0.03587 0.04077 0.04602 0.05203 0.05506 005820 0.06137 0.06504
(d 12]0.03007 0.03228 0.03490 0.03912 0.04406 0.04960 0.05237 0.05527 0.05818 0.0615S
e 14003011 003115 003326 0.03720 0.04170 0.04674 0.04930 0.05196 0.05465 0.05774
g 16 [0.02885 0.02953 0.03135 0.03486 0.03895 0.04362 0.04596 0.04837 0.05079 0.05358
r 18002724 0.02761 0.02906 0.03222 0.03597 0.04024 0.04236 0.04453 0.04670 0.04918
e 20]0.02534 0.02536 0.02651 0.02937 0.03277 0.03667 0.03858 0.04050 0.04240 0.04450
e 22]0.02313 002288 0.02376 0.02633 0.02942 0.03295 0.03464 0.03626 0.03780 0.03946
§) 24002072 0.02023 0.02086 0.02318 0.02596 0.02905 0.03045 0.03173 0.03296 0.03431

26 |0.01817 0.01746 0.01787 0.01992 0.02233 0.02494 0.02613 0.02721 0.02824 0.02928

28 |0.01551 0.01461 0.01480 0.01653 0.01857 0.02093 0.02200 0.02289 0.02381 0.02511

30 |0.01279 0.01169 0.01159 0.01306 0.01498 0.01716 0.01829 0.01959 0.02060 0.02046

32 10.00999 0.00865 0.00839 0.00981 0.01169 0.01451 0.01543 0.01506 0.01463 0.02693

Tip speed ratio
4.71 5.08 5.50 6.00 6.60 7.33 8.25 9.43 11.00 1320

P 0 |0.08171 0.08199 0.07987 0.07586 0.06895 0.06153 0.05251 0.04143 0.02761 0.00963 »
t 2 |0.08050 0.08067 0.07898 0.07530 0.06908 0.06180 0.05274 0.04213 0.02928 0.01311
h 4 ]0.07871 0.07872 0.07688 0.07313 0.06724 0.06014 0.05155 0.04129 0.02881 0.01311
a 6 ]0.07629 0.07605 0.07397 0.06996 0.06380 0.05643 0.04759 0.03695 0.02387 0.00689
g 8 ]0.07324 0.07267 0.07027 0.06590 0.05932 0.05147 0.04195 0.03025 0.01552 -0.00418
e 100006962 0.06870 0.06592 0.06113 0.05398 0.04535 0.03474 0.02155 0.00447 -0.01919
(d 12]0.06554 006426 0.06101 0.05563 0.04776 0.03818 0.02622 0.01102 -0.00924 -0.03824
e 14]0.06103 0.05931 0.05557 0.04952 0.04076 0.02998 0.01627 -0.00154 -0.02576 -0.06130
g 16]0.05618 0.05396 0.04960 0.04273 0.03287 0.02059 0.00481 -0.01590 -0.04461 -0.08778
r 18 [0.05096 0.04814 0.04301 0.03517 0.02411 0.01029 -0.00765 -0.03166 -0.06549 -0.11660
¢ 20]0.04527 0.04178 0.03591 0.02718 0.01493 -0.00051 -0.02073 -0.04758 -0.08507 -0.14430
¢ 22003931 0.03527 0.02868 0.01897 0.00563 -0.01074 -0.03233 -0.06354 -0.11110 -0.17450
s) 24|0.03338 0.02875 0.02174 0.01198 -0.00213 -0.02205 -0.04984 -0.07407 -0.10160 -0.16540

26 | 0.02803 0.02365 0.01584 0.00286 -0.01491 -0.01528 -0.03316 -0.06887 -0.12220 -0.20830

28 | 0.02307 0.01576 0.00667 0.01269 -0.00007 -0.02112 -0.05054 -0.09211 -0.15400 -0.25360

30 [ 0.01807 0.02846 0.01945 0.00671 -0.01172 -0.03600 -0.06925 -0.11620 -0.18640 -0.29990

32 0.02764 0.02108 0.01088 -0.00380 -0.02423 -0.05117 -0.08816 -0.14070 -0.21940 -0.34710

Table G.3f) 1 MW, 3 blades, tip speed 66 m/s, tip-regulated - Configuration L.
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Wind speed | Tip angle () aTIop oTIay Wind speed | Tip angle (°) TR TV
(KNm/°) (kNm/m/s) (kKNm/°) (kNm/m/s)
113 0.00 0.609 14.047 113 0.00 -0.846 1a.132
12 6.47 2.220 13.418 12 5.60 -2.307 13.324
13 1133 3242 13.065 13 10.40 -3.461 12.940
14 14.90 3.929 12.770 14 13.30 -4.326 12767
15 17.17 4715 12.141 15 15.98 -4.999 12.036
16 20.14 5.108 10.904 16 18.15 -5.672 10.998
17 22.05 5.305 8.821 17 19.85 -6.153 9.017
18 23.49 5.599 6.660 18 21.1 -6.441 6.960
19 24.50 5.796 5.049 19 22,05 -6.729 5.653
20 25.38 5.894 4.283 20 2283 -7.018 5.191
21 2597 6.189 4.047 21 23.53 -7.402 5.134
2 26.60 6.385 3.949 2 24.22 -7.691 4.999
23 27.19 6.680 3.615 23 2483 -8.075 4576
24 27.64 7.073 2.849 24 25.33 -8.460 3.980
25 28.00 7.269 2240 25 25.17 -8.844 3.576
Configuration G. Configuration H.
Wind speed |  Tip angle (°) oTIop aTiov
(kKNm/°) (KNm/m/s)

112 0.00 -0.242 16.848

12 9.22 -1.818 16.024

13 15.80 -2.788 14.642

14 20.26 -3.514 12.509

15 23.25 -3.636 8.824

16 25.12 -3.879 5.794

17 26.39 -4.000 4533

18 27.40 -4.121 4.121

19 28.34 -4.364 1.442

20 28.98 -4.606 2473

21 29.33 -4.848 1.236

22 29.53 -4.970 0.945

23 29.70 -5.455 0.655

24 29.76 -5.818 0373

25 29.77 -6.303 0.291

Configuration L.

Table G.4a) Partial derivatives for the 300 kW tip-regulated rotors
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Wind speed |  Tip angle (°) oT/op oT/ev Wind speed Tip angle (°) a8 ey
(kNm/°) (KNm/m/s) (kKNm®) (KNm/mv's)
11.2 0.00 -0.4786 93.619 112 0.00 2.007 37359
12 175 -14.559 87.543 2 75 16315 $7.970
13 12.65 -21.231 83.513 13 11.98 -22.610 87.236
14 16.30 -26.883 83.918 14 15.35 27687 85.355
15 19.25 -29.294 83.211 15 18.12 -33.2m 81.977
16 21.70 -30.924 72725 16 20.44 .35.132 12673
17 23.80 -31.952 53680 17 22.36 -36.382 60.543
18 25.55 -28.792 32.034 18 23.74 -38.290 43.397
19 26.70 -25.853 35.623 19 2478 -37.485 32779
20 27.65 -27.435 22.237 20 25.51 -40.865 27.550
22 28.85 -28.229 17.025 22 26.82 -41.758 22985
23 29.45 -29.087 18.850 23 27.34 -44.993 21.833
24 29.75 -35.087 8.183 24 27.79 -48.135 18.082
26 30.10 -32.308 6.404 26 28.41 -50.449 13.102
28 30.35 -44.519 3.660 28 28.87 -56.799 11.047
30 30.45 -51.742 2.010 30 29.19 -64.242 8.947
Configuration J. Configuration K.
Wind speed |  Tip angle (°) oT/op aTlovV
(kKNm/°) (KNmvvs)

11.2 0.00 -1.280 109.068

12 9.48 -15.663 101.832

13 14.80 -21.832 92.312

14 18.55 -26.980 80.207

15 21.05 -29.848 56.200

16 22,65 -31.831 39.778

17 23.80 -33.829 36.483

18 24.80 -35.382 33.134

19 25.70 -37.738 28.848

20 26.35 -38.788 21.027

22 27.25 -43.981 15.106

23 27.55 -45.603 13.608

24 27.85 -47.188 12.341

26 28.30 -52.397 32.341

28 29.55 -55.270 54.605

30 31.50 -60.813 56.743

Configuration L.

Table G.4b) Partial derivatives for the 1 MW tip- regulated rotors
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0.0018
0.0022
0.0027
0.0032
0.004
0.004
0.0131
0.0285
0.0491
0.0693
0.0702
0.0605
0.0476
0.0353
0.0232
0.0115
-0.0003

0.0008
0.0009
0.001
0.0013
0.0015
0.0019
0.0023
0.0028
0.0033
0.0033
0.0033
0.0103
0.0281
0.0447
0.0628
0.0634
0.0522
0.0379
0.0237
0.0098
-0.0038
-0.0176

0.0008
0.0009
0.001
0.0013
0.0015
0.0019
0.0023
0.0028
0.0033
0.0033
0.0033
0.0107
0.0279
0.0438
0.0612
0.0607
0.0489
0.0339
0.019
0.0038
-0.011
-0.0262

0.0008
0.0009
0.001
0.0013
0.0015
0.0019
0.0023
0.0028
0.0033
0.0033
0.0033
0.0156
0.0259
0.0396
0.0551
0.0527
0.0383
0.0201
0.0017
-0.0172
-0.0363
-0.056

0.0008  0.0008
0.0009  0.0009
0.001  0.001
0.0013 0.0013
0.0015 0.0015
0.0019 0.0019
0.0023  0.0023
0.0028 0.0028
0.0033  0.0033
0.0033  0.0033
0.0033  0.0033
0.0188 0.0084
0.022 0.0129
0.035 0.0197
0.0478  0.0263
0.0429 0.0134
0.0258 -0.0134
0.0044 -0.0461
-0.0177 -0.081
-0.0409 -0.1185
-0.0648 -0.1653
-0.0899 -0.209

0.0028
0.0038
0.0041

0.0035
0.0029
0.0023
0.0017
0.0011

0.0005
0.0004
0.0004
-0.002

-0.0004
-0.0014
-0.0061
-0.0329
-0.0759
-0.127

-0.1827
-0.2432
-0.3082
-0.3783

0.0018
0.0019
0.0012
0.0004
-0.0004
-0.0012
-0.0018
-0.0023
-0.0029
-0.0013
-0.0013
-0.0028
-0.004
-0.0071
-0.0127
-0.0406
-0.0851
-0.1379
-0.1956
-0.2585
-0.3262
-0.3992

Table G.5 The aerodynamic torque coefficients, C, for the fledge.

Tip speced ratio

1.50

1.75

2.00
0.01802 0.02184 0.02566 0.03426 0.04621

2.25

2.50

275 3.00
0.05741 0.06801 0.07736 0.08669 0.09495 0.10000 0.10160

3.25

3.50 1.75 4.00

4.25

Tip speed ratio

4.50

4.75

5.00

5.50
0.10110 0.09965 0.09713 0.09061

6.00

6.50 7.00
0.08288 0.07555 0.06853 0.06202 0.05559 0.04370 0.03301

7.50

8.00 9.00 10.00

12.00 15.00
0.01390 -0.01315

Table G.6a) Main blade aerodynamic torque coefficient for compliant tip investigation
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Tip speed ratio

27  |-0.00042 -0.00261
28  |-0.00160 -0.00391

32 ]-0.00656 -0.00921

-0.00486 -0.00718 -0.00951 -0.01183 -0.01415 -0.01653 -0.01892 -0.02125 -0.02346 -0.02565 -0.02805
-0.00630 -0.00871 -0.01109 -0.01347 -0.01589 -0.01829 -0.02056 -0.02270 -0.02500 -0.02771 -0.03091
29  |-0.00280 -0.00525 -0.00774 -0.01020 -0.01263 -0.01509 -0.01748 -0.01968 -0.02183 -0.02435 -0.02746 -0.03100 -0.03449
30 ]-0.00404 -0.00660 -0.00914 -0.01163 -0.01413 -0.01654 -0.01868 -0.02089 -0.02369 -0.02714 -0.03068 -0.03332 -0.02638
31 -0.00530 -0.00794 -0.01049 -0.01303 -0.01547 -0.01760 -0.01987 -0.02293 -0.02654 -0.02963 -0.02457 -0.02273 -0.02459
-0.01180 -0.01430 -0.01643 -0.01874 -0.02199 -0.02558 -0.02728 -0.01943 -0.02129 -0.02423 -0.02719

240 260 280 300 320 340 360 380 400 420 440 460 480
T 4 000284 000373 0.00582 0.00798 0.00937 0.01039 0.01150 0.01261 0.01351 001428 0.01495 0.01574 0.01641
i -2 ]0.00444 0.00689 0.00897 0.01021 0.01141 0.01266 0.01368 0.01460 0.01559 0.01662 0.01735 0.01500 001829
p 0 [0.00740 0.00942 0.01068 0.01204 0.01324 0.01427 0.01541 0.01659 0.01757 0.01823 0.01855 0.01844 0.01837
2 ]0.00952 0.01086 0.01227 0.01342 0.01462 0.01593 0.01700 0.01766 0.01792 001794 0.01785 0.01772 0.01756
a 4 001075 001218 0.01338 0.01475 0.01601 001676 0.01701 0.01697 0.01684 0.01670 0.01653 0.01630 0.01603
n 6 {00186 0.01314 0.01459 001564 0.01602 0.01597 0.01579 0.01560 0.01535 0.01507 0.01476 0.01442 0.01406
g 8 [001271 001418 0.01499 0.01504 0.01482 0.01455 0.01424 0.01386 0.01344 0.01299 001251 0.01203 0.01153
I 10 |0.01359 0.01421 0.01403 0.01369 001331 0.01284 0.01229 001169 0.01108 0.01047 0.00983 0.00918 0.0085]
e 12 [0.01341 001309 0.01263 0.01208 0.01144 0.01073 0.00997 0.00918 0.00838 0.00757 0.00676 0.00595 0.00513
(d 14 001226 0.01169 0.01098 0.01014 0.00923 0.00830 0.00734 0.00638 0.00540 0.00440 0.00340 0.00239 0.00137
e 16 |0.01089 0.01001 0.00899 0.00790 0.00679 0.00566 0.00450 0.00333 0.00214 0.00095 -0.00025 -0.00146 -0.00268
g 18 |0.00923 0.00804 0.00678 0.00548 0.00415 0.00280 0.00144 0.00007 -0.00131 -0.00271 -0.00413 -0.00558 -0.00706
r 20 |0.00732 0.00588 0.00440 0.00288 0.00134 -0.00021 -0.00177 -0.00335 -0.00497 -0.00662 -0.00832 -0.01007 -0.01185
e 21 |0.00630 0.00475 0.00315 0.00153 -0.00011 -0.00176 -0.00343 -0.00514 -0.00690 -0.00871 -0.01055 -0.01243 -0.01435
e 22 |0.00525 0.00358 0.00187 0.00015 -0.00159 -0.00335 -0.00515 -0.00700 -0.00891 -0.01085 -0.01282 -0.01482 -0.01685
s) 23 |0.00417 0.00238 0.00057 -0.00125 -0.00309 -0.00498 -0.00693 -0.00893 -0.01096 -0.01301 -0.01508 -0.01719 -0.01934
24 |0.00305 0.00116 -0.00074 -0.00267 -0.00464 -0.00668 -0.00876 -0.01087 -0.01300 -0.01514 -0.01732 -0.01956 -0.02185
25 |0.00191 -0.00008 -0.00208 -0.00413 -0.00625 -0.00841 -0.01060 -0.01279 -0.01500 -0.01725 -0.01956 -0.02191 -0.02426
26 |0.00075 -0.00133 -0.00345 -0.00564 -0.00788 -0.01014 -0.01240 -0.01466 -0.01699 -0.01935 -0.02171 -0.02401 -0.02624

Table G.6b) The aerodynamic torque coefficient due to the compliant tip, C,.
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5)

30
3l
32

Tip speed ratio

5.00 5.20 5.40 5.60 5.80 6.00 6.20 6.40 6.60 6.80 7.00 720

0.01683 0.01692 0.01658 0.01610 0.01575 0.01534 0.01487 0.01436 0.01379 0.01322 0.01262 0.01199

0.01820 0.01800 0.01760 0.01706 0.01643 0.01581 0.01538 0.0149] 0.01440 0.01388 0.01336 0.01281

0.01822 0.01803 0.01770 0.01743 0.01689 0.01628 0.01583 0.01522 0.01457 0.01407 0.01364 0.01320

0.01738 0.01698 001673 0.01646 0.01616 0.01587 0.01555 0.01514 0.01481 0.01430 0.01394 001350
0.01581 0.01553 0.01523 0.01492 0.01459 0.01427 0.01394 0.01360 0.01325 001291 0.01255 0.01219
0.01369 0.01331 0.01291 0.01251 0.01210 0.01169 0.01128 0.01086 0.01045 0.01003 0.00961 000919
0.01101 0.01048 0.00996 0.00944 0.00892 0.00840 0.00787 0.00734 0.00681 0.00628 0.00574 0.00522
0.00784 0.00717 0.00650 0.00584 0.00519 0.00452 0.00385 0.00317 0.00248 0.00178 0.00108 0.00038
0.00430 0.00346 0.00261 0.00176 0.00091 0.00005 -0.00082 -0.00170 -0.00259 -0.00348 -0.00440 -0.0053 1
0.00035 -0.00069 -0.00173 -0.00278 -0.00385 -0.00493 -0.00603 -0.00715 -0.00828 -0.00943 -0.01060 -0.01180
-0.00392 -0.00518 -0.00647 -0.00777 -0.00911 -0.01047 -0.01186 -0.01328 -0.01473 -0.01621 -0.01771 -0.01925
-0.00857 -0.01012 -0.01171 -0.01332 -0.01498 -0.01666 -0.01838 -0.02013 -0.02191 -0.02373 -0.02558 -0.02747
-0.01366 -0.01550 -0.01738 -0.01930 -0.02124 -0.02323 -0.02527 -0.02735 -0.02948 -0.03167 -0.03391 -0.03620
-0.01629 -0.01826 -0.02027 -0.02233 -0.02444 -0.02660 -0.02881 -0.03108 -0.03146 -0.03368 -0.03595 -0.03825
-0.01891 -0.02102 -0.02317 -0.02539 -0.02767 -0.02999 -0.03236 -0.03475 -0.03718 -0.03965 -0.04212 -0.04461
-0.02155 -0.02382 -0.02613 -0.02848 -0.03085 -0.03324 -0.03562 -0.03802 -0.04045 -0.04296 -0.04556 -0.04827
-0.02419 -0.02654 -0.02889 -0.03122 -0.03355 -0.03591 -0.03838 -0.04099 -0.04376 -0.04672 -0.04987 -0.05321
-0.02658 -0.02885 -0.03113 -0.03352 -0.03608 -0.03886 -0.04188 -0.04515 -0.04862 -0.05223 -0.05594 -0.05967
-0.02848 -0.03089 -0.03357 -0.03654 -0.03983 -0.04333 -0.04696 -0.05059 -0.05408 -0.05716 -0.05665 -0.05403
-0.03079 -0.03393 -0.03738 -0.04097 -0.04450 -0.04769 -0.04928 -0.04342 -0.04328 -0.04547 -0.04701 -0.04949
-0.03443 -0.03798 -0.04117 -0.04254 -0.03651 -0.03667 -0.03827 -0.04079 -0.04222 -0.04561 -0.04910 -0.05272
-0.03724 -0.03193 -0.02947 -0.03184 -0.03341 -0.03662 -0.03988 -0.04329 -0.04686 -0.05061 -0.05451 -0.05855
-0.02587 -0.02758 -0.03070 -0.03380 -0.03707 -0.04054 -0.04420 -0.04801 -0.05196 -0.05606 -0.06027 -0.06463
-0.02759 -0.03063 -0.03390 -0.03740 -0.04107 -0.04489 -0.04885 -0.05294 -0.05718 -0.06157 -0.06609 -0.07075
-0.03043 -0.03390 -0.03753 -0.04130 -0.04522 -0.04930 -0.05352 -0.05790 -0.06242 -0.06709 -0.07193 -0.07691

Table G.6¢c) The aerodynamic torque coefficient due to the compliant tip, C, (continued).

Wind speed (m/s) 11.6 12 13 14 15 16 17 18 19 20 21 22 23 24
Tip (degrees) 0.0 59 135 181 208 225 238 249 258 264 269 272 215 276
dT/dp (Nm/degree) 0.4 1.7 29 37 42 46 49 5.1 54 57 6 63 66 68

Table G.7 The aerodynamic torque partial derivatives with respect
to tip angle for the compliant tip.
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Tip speed ratio (rad)

P 2 3 4 5 6 7 8 9
i -3]00137 00312 00608 0.0799 00755 00662 0.0560 0.0455 0.0352 00251 00149 00062

t 0| 0018 00436 00729 00799 00758 0.0682 0.0597 00518 00445 01728 00299 00229

c 3100247 00552 00745 00752 00703 0.0635 00569 00506 00446 03855 00321 00260
h 6] 00310 00622 0.0706 00664 0.0592 00515 00439 00366 00296 00224 00150 0.0080
9] 00379 00629 00525 0.0540 0.0436 0.0333 00229 0.0124 00016 -0.0092 -00197 -0.0295

a 12] 0.0447 00594 00515 0.0388 0.02483 0.0103 -0.0046 -0.0201 -0.0365 -0.0531 -0.0685 -0.0825

n 15] 00492 0.0525 00336 0.0212 0.0026 -0.0171 -0.0378 -0.0599 -0.0833 -0.1071 -0.1286 -0.1479
g 18] 0.0504 00433 0.0239 00014 -0.0227 -0.4840 -0.0760 -0.1052 -0.1357 -0.1670 -0.1962 -0.2226
1 20| 00493 0.0362 0.0132 -0.0129 -0.0410 -0.0708 -0.1025 -0.1385 -0.1803 -0.2248 -0.2646 -0.2997

e 25} 00422 0.0164 -0.0162 -0.0519 -0.0934 -0.1364 -0.1817 -0.2322 -0.2896 -0.3504 -0.4047 -0.4541
(°) 30] 0.0301 -0.0064 -0.0488 -0.0874 -0.1299 -0.1853 -0.2508 -0.3245 -0.4072 -0.4932 -0.5701 -0.6386

Table G.8 The torque tables, C, coefficients.

10 11 12 13

Wind speed |Pitch angle | 9T/0B
(m/s) © (kNm/°)
12.83 0 -4.129
12.995 1.43 -8.903
13.22 3 -11.513
13.895 6 -18.361
14.811 9 -25.440
15.955 12 -32.674
16.244 12.65 -35.830
17.39 15 -38.950
18.97 18 -45.810

20.1 20 -52.980
21.66 22.485 -59.143
23.445 25 -64.460
27.245 30 -79.600

Table G.9 Partial derivative of aerodynamic torque with respect to pitch angle.
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Appendix H Machine performance

This appendix contains figures showing the performance for each of the
conventional full-span and tip-regulated machines considered in Chapters 4 and 5.

Figures H.la to H.5a show, for each of the full-span regulated wind turbine
configurations investigated, the standard dev iations of generated power for each wind speed
against the standard deviations of the actuator acceleration for the worse case': that is, the
standard deviation of the actuator acceleration induced at 12 m/s by the controller cross-over
frequency as it varies. Similarly, Figures H.1b to H.5b show for each of the full-span
regulated wind turbine configurations investigated the standard deviations of generated
power for each wind speed plotted against the standard deviations of the actuator velocity for
12 m/s.

Figures H.6a to H.10a show, for each of the full-span regulated wind turbine
configurations investigated, the standard deviation of generated power against the standard
deviation of the actuator acceleration as it varies with cross-over frequency for each wind
speed. Similarly, Figures H.6b to H.10b show the standard deviation of generated power
against the standard deviation of the actuator velocity for each wind speed

Similarly Figures H.l1la to H.20b show the performance of the tip-regulated

machines.

' For any of the mean wind speeds considered the wind speed may momentarily reach 12 m/s and the

actuator activity is more sensitive to this instantaneous wind speed than long term wind speeds.
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Figure H.1a Worst case performance (actuator acceleration)

of two-bladed (1/2 nominal 2Q,) machines Aa and Da.
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Figure H.1b Worst case performance (actuator velocity)

of two-bladed (1/2 nominal 2Q,) machines Aa and Da.
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Figure H.2a Worst case performance (actuator acceleration)

of two-bladed (nominal 2Q,) machines Ab and Db.
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Figure H.2b Worst case performance (actuator velocity)

of two-bladed (nominal 2Q,) machines Ab and Db.
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Figure H.3a Worst case performance (actuator acceleration)

of three-bladed (faster rotor speed) machines B and E.
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Figure H.3b Worst case performance (actuator velocity)

of three-bladed (fast velocity) machines B and E.
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Figure H.4a Worst case performance (actuator acceleration)

of three-bladed (nominal 3Q2,) machines Ca and Fa.
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Figure H.4b Worst case performance (actuator velocity)

of three-bladed (nominal 3€2,) machines Ca and Fa.

H-9



Standard deviation of Standard deviation of

generated power (kW) generated power (kW)

200 500

150 375

100 250

50 e 125 1,
0+ } ¥ = — 0 +——=
0 10 20 30 40 5 10 15 20

Standard deviation of actuator Standard deviation of actuator
acceleration, (worse case) (° /s ) acceleration, (worse case) (° /& )

Wind speed 12 m/s

Standard deviation of Standard deviation of

generated power (kW) generated power (kW)

200 500

150 375

100 \ 250

5(()) < 125 \.\\_ o
0 10 20 _ 30 40 %0 5 10 15 2

Standard deviation of actuator Standard deviation of actuator
acceleration, (worse case) (° /sz) acceleration, (worse case) (° /¢ )

Wind speed 16 m/s

Standard deviation of Standard deviation of

generated power (kW) generated power (kW)
200 500
150 k 375 \
100 250
501 = — 125 e
Q- + ' — i 0+ 4 —~— + 1
0 10 20 30 40 0 5 10 15 20

Standard deviation of actuator

Standard deviation of actuator
acceleration, (worse case) (° /¢ )

acceleration, (worse case) (° /sz)
Wind speed 23 m/s

300 kW 1 MW

First drive-train mode
-2.0rad/s --3.0rad/s .-4.0 rad/s «-5.0 rad/s --6.0 rad/s —-7.0 rad/s

Figure H.5a Worst case performance (actuator acceleration)

of three-bladed (2xnominal 3£2,) machines Cb and Fb.
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Figure H.5b Worst case performance (actuator velocity)

of three-bladed (2xnominal 3Q,) machines Cb and Fb.
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Figure H.6a Performance (actuator acceleration)

of two-bladed (1/2xnominal 2Q,) machines Aa and Da.

H-12



Standard deviation of
generated power (kW)

200
150
100

50
0! &W@ .

0 5 10 15 20
Standard deviation of actuator
velocity ( °/s)

Standard deviation of
generated power (kW)
500
375
250
1251 &
0 | ORI
0 5 10
Standard deviation of actuator
velocity ( °/s)

Wind speed 12 m/s

Standard deviation of

generated power (kW)

200

150

100 t

50 i, o
0 + e — —+ + =
0 5 10 15 20

Standard deviation of actuator
velocity ( °/s)

Standard deviation of

generated power (kW)
500
375

250 .

125

0 i %“ ¥ + + 4

0 5 10
Standard deviation of actuator
velocity ( °/s)

Wind speed 16 m/s

Standard deviation of

generated power (kW)
2007
150 1 X
100 ¢
50 T
% 5 10 15 20

Standard deviation of actuator
velocity ( °/s)

Standard deviation of
generated power (kW)

500
375
250
125
00 ' 5 ' 10
Standard deviation of actuator
velocity ( °/s)

Wind speed 23 m/s

300 kW

1 MW

First drive-train mode
+.2.0rad/s =3.0 rad/s 4.0 rad/s —=-5.0 rad/s —-6.0 rad/s —7.0 rad/s

Figure H.6b Performance (actuator velocity)
of two-bladed (1/2xnominal 2Q,) machines Aa and Da.
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Figure H.7a Performance (actuator acceleration)

of two-bladed (nominal 2Q,) machines Ab and Db.
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Figure H.7b Performance (actuator velocity)
of two-bladed (nominal 2Q,) machines Ab and Db.
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Figure H.8a Performance (actuator acceleration)

of three-bladed (fast velocity) machines B and E.
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Figure H.8b Performance (actuator velocity)
of three-bladed (fast velocity) machines B and E.
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Figure H.9a Performance (actuator acceleration)

of three-bladed (nominal 3Q,) machines Ca and Fa.
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Figure H.9b Performance (actuator velocity)
of three-bladed (nominal 3Q,) machines Ca and Fa.
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Figure H.10a Performance (actuator acceleration)

of three-bladed (2xnominal 3Q2,) machines Cb and Fb.
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Figure H.10b Performance (actuator velocity)

of three-bladed (2xnominal 3Q,) machines Cb and Fb.
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Figure H.11a Worst case performance (actuator acceleration)

of two-bladed (1/2 nominal 2Q,) machines Ga and Ja.
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Figure H.11b Worst case performance (actuator velocity)
of two-bladed (1/2 nominal 2Q,) machines Ga and Ja.
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Figure H.12a Worst case performance (actuator acceleration)

of two-bladed (nominal 2Q,) machines Gb and Jb.
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Figure H.12b Worst case performance (actuator velocity)

of two-bladed (nominal 2Q,) machines Gb and Jb.
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Figure H.13a Worst case performance (actuator acceleration)

of three-bladed (faster rotor speed) machines H and K.
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Figure H.13b Worst case performance (actuator velocity)

of three-bladed (fast velocity) machines H and K.

H-27



Standard deviation of
generated power (kW)

200
150
100

50 1.

=1
1

0 T~ — i
0 o 30
Standard deviation of actuator

acceleration, (worse case) (° /¢ )

40

Standard deviation of
generated power (kW)
500
375
250
1257,
0+ \“’rﬁw
0 5 10 15 20
Standard deviation of actuator

acceleration, (worse case) (° /¢ )

Wind speed 12 m/s

Standard deviation of

generated power (kW)
200
150
100
5071,
0 ' S —— — T—tare———g
0 10 20 30 40

Standard deviation of actuator
acceleration, (worse case) (°/

¢)

Standard deviation of
generated power (kW)

500
375
250
125

N— L

0 5 10 15 2
Standard deviation of actuator

acceleration, (worse case) (° /¢ )

Wind speed 16 m/s

Standard deviation of
generated power (kW)
200
150
100

50

O'N—_‘

0 10 20 30
Standard deviation of actuator

40

acceleration, (worse case) (° /sz)

300 kW

Standard deviation of
generated power (kW)
500
375
250
125

0 5 10 15 20
Standard deviation of actuator
acceleration, (worse case) (° 1£)

Wind speed 23 m/s

1 MW

First drive-train mode
2.0 rad/s =.3.0 rad/s 4.0 rad/s « 5.0 rad/s 6.0 rad/s —7.0 rad/s

Figure H.14a Worst case performance (actuator acceleration)

of three-bladed (nominal 3Q,) machines Ia and La.
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Figure H.14b Worst case performance (actuator velocity)

of three-bladed (nominal 3Q,) machines Ia and La.
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Figure H.15a Worst case performance (actuator acceleration)

of three-bladed (2xnominal 3Q,) machines Ib and Lb.
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Figure H.15b Worst case performance (actuator velocity)

of three-bladed (2xnominal 3Q,) machines Ib and Lb.
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Figure H.16a Performance (actuator acceleration)

of two-bladed (1/2xnominal 2Q,) machines Ga and Ja.
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Figure H.16b Performance (actuator velocity)

of two-bladed (1/2xnominal 2Q,) machines Ga and Ja.
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Figure H.17a Performance (actuator acceleration)

of two-bladed (nominal 2Q,) machines Gb and Jb.

H-34



Standard deviation of Standard deviation of

generated power (kW) generated power (kW)
200 500
150 375
100 250
>0 %g 125 p==== &
0+ + + + — + —~ + _1 == = —
0 5 10 15 20 % 5 10
Standard deviation of actuator Standard deviation of actuator
velocity (°/s) velocity (°/s)

Wind speed 12 m/s

Standard deviation of Standard deviation of
generated power (kW) generated power (kW)
200 500
150 375
100 250
0 5 10 15 20 0 ' 5 T 1o
Standard deviation of actuator Standard deviation of actuator
velocity (°/s) velocity (°/s)

Wind speed 16 m/s

Standard deviation of Standard deviation of

generated power (kW) generated power (kW)
200 500
150 375
100 250
125 145

5 # 10
Standard deviation of actuator
velocity (°/s)

% 5 10 15 20
Standard deviation of actuator
velocity (°/s)
Wind speed 23 m/s

300 kW 1 MW

First drive-train mode
2.0 rad/s 3.0 rad/s 4.0 rad/s 5.0 rad/s --6.0 rad/s —7.0 rad/s

Figure H.17b Performance (actuator velocity)
of two-bladed (nominal 2Q,) machines Gb and Jb.
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Figure H.18a Performance (actuator acceleration)

of three-bladed (fast velocity) machines H and K.
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Figure H.18b Performance (actuator velocity)
of three-bladed (fast velocity) machines H and K.
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of three-bladed (nominal 3Q,) machines Ia and La.
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Figure H.19b Performance (actuator velocity)
of three-bladed (nominal 3Q,) machines Ia and La.
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Figure H.20a Performance (actuator acceleration)

of three-bladed (2xnominal 3Q,) machines Ib and Lb.
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Figure H.20b Performance (actuator velocity)

of three-bladed (2xnominal 3Q,) machines Ib and Lb.
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