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Summary

Wind energy is being applied at a larger and larger scale worldwide, and is one of
the technologies eligible for accommodating the increasing demand for renewable
energy. However, wind energy is still not competitive compared to technologies
that are based on fossil energy sources. Therefore, much wind energy research
is focused on decreasing the cost of the energy that can be produced from the
wind. The cost of energy can for example be decreased by ensuring that wind
turbines are operated in a way that ensures that the maximum amount of energy
is extracted, and that the turbines are not loaded excessively.

The operation of a wind turbine is governed by a number of controllers that
are based on a series of sensors and actuators. Classical wind turbine control
utilizes sensors for measuring turbine parameters such as rotor speed, power and
shaft torque, as well as actuators for applying generator torque and collective
pitch angle changes. Thus, classical wind turbine control schemes are based on
measurements of the e�ects of the in
ow on the turbine. Therefore, the reactions
of the control system to the in
ow changes are inherently delayed compared to
the actual in
ow changes. Because of the inherent delay of the control system,
the ability of the system to react promptly to in
ow changes is limited.

Control schemes that are based on in
ow measurements have been developed
to overcome the limitations of the classical wind turbine control system. By
measuring the in
ow directly, actuation can be initiated instantly as the in
ow
changes. If the in
ow is measured upstream of the turbine, actuation can be
initiated prior to the occurrence of a wind speed change at the turbine. Hereby,
even the actuator delay can be compensated for. Upstream in
ow measurements
could for example be acquired using "Light Detection and Ranging".
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In this thesis, the potentials for improving the power production and decreas-
ing the load variations of horizontal axis upwind turbines by applying in
ow
measurement based control are assessed. The potential for increasing the power
output through improved yaw alignment is studied by analyzing operational
data from di�erent turbines, and through experiments with a modi�ed yaw
controller. The results demonstrate that there is no signi�cant potential for
increased power output through improved yaw alignment for well calibrated
turbines. The potential for increasing the power output through pitch control is
studied through optimization of collective and individual pitch actuation. The
results show that there is a potential for increasing the power output through
individual pitch control. However, the increased power output is penalized by
increased load variations.

The load variations on a wind turbine can be alleviated using either yaw or
pitch actuation. A method is presented for alleviating load variations using yaw
control, and it is shown how the method can be e�ciently applied for decreasing
the load variations that are caused by a vertical wind shear. The potential of
reducing the load variations using both in
ow measurement based collective and
individual pitch control is studied through simulations. The results demonstrate
that tower and blade load variations can be e�ciently alleviated in situations
with large scale in
ow variations using collective pitch control. For individual
pitch control, it is demonstrated that control based on upstream in
ow measure-
ments can lead to great load reductions in certain situations. However, it is also
shown that the potential load variation reductions are sensitive to uncertainties
relating to the estimated in
ow.

This thesis is comprised of a collection of scienti�c papers that covers the various
results presented in this summary.



Resum�e

Vindenergi installeres i stadig st�rre omfang p�a verdensplan og er en af de
teknologier, der skal v�re med til at tilfredsstille den stigende eftersp�rgelse p�a
b�redygtig energi. Vindenergi er dog stadig ikke konkurrencedygtig i forhold
til teknologier, der er baseret p�a fossile energikilder. Derfor er en stor del af
vindenergiforskningen fokuseret p�a at nedbringe prisen p�a at producere energi
fra vind. Prisen for den producerede energi kan f.eks. reduceres ved at sikre, at
vindm�ller styres s�aledes, at der altid produceres den h�jest mulige e�ekt, og at
m�llen ikke belastes un�digt.

Klassisk vindm�llestyring er baseret p�a m�alinger af rotorhastighed og e�ekt,
samt regulering af generatormoment og den kollektive pitchvinkel. Da kun ef-
fekterne af indstr�mningsfeltet p�a m�llen m�ales, vil styringen reagere med en
forsinkelse sammenlignet med �ndringer i indstr�mningsfeltet. Denne forsinkelse
begr�nser systemets mulighed for at maksimere energiproduktionen og begr�nse
lastvariationerne.

For at eliminere begr�nsningerne ved klassisk vindm�llestyring er der udviklet
styringsalgoritmer, som er baseret p�a m�alinger af indstr�mningsfeltet. Ved at
m�ale indstr�mningsfeltet direkte kan styringen reagere �jeblikkeligt i takt med
at indstr�mningsfeltet forandres. Hvis indstr�mningsfeltet m�ales opstr�ms for
m�llen, kan aktuering p�abegyndes inden indstr�mningsfeltet �ndrer sig. Herved
kan der kompenseres for forsinkelser i aktuatorerne. Indstr�mningsfeltet kunne
f.eks. m�ales ved brug af "Light Detection and Ranging".

I denne afhandling unders�ges potentialet for at for�ge energiproduktionen og re-
ducere lastvariationerne p�a en vindm�lle ved brug af m�alinger af indstr�mningsfeltet.
Potentialet for at �ge energiproduktionen ved forbedret kr�jestyring unders�ges
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gennem analyse af driftsdata og gennem eksperimenter med en modi�ceret
kr�jestyring p�a en testm�lle. Resultaterne viser, at potentialet er meget be-
gr�nset for en velkalibreret m�lle. Potentialet for for�get energiproduktion
ved pitchstyring er unders�gt gennem optimeringsstudier af b�ade individuel og
kollektiv pitchstyring. Resultaterne viser, at der er et potentiale for at for�ge
energiproduktionen ved individuel pitchstyring. Den for�gede energiproduktion
medf�rer dog for�gede lastvariationer.

Lastvariationer p�a en vindm�lle kan reduceres gennem b�ade pitch- og kr�jestyring.
En metode er introduceret, som ved brug af kr�jestyring kan reducere de lastvari-
ationer, der skyldes en vertikal vindhastighedsgradient. Potentialet for lastre-
duktion ved brug af b�ade kollektiv og individuel pitchstyring baseret p�a m�alinger
af indstr�mningsfeltet er unders�gt gennem simuleringer. Resultaterne viser, at
t�arn- og bladlastvariationer, som skyldes middel�ndringer i indstr�mningsfeltet,
kan reduceres ved brug af kollektiv pitchstyring. For individuel pitchstyring er
det vist, at styring baseret p�a m�alinger af indstr�mningsfeltet kan lede til store
lastreduktioner. Det er dog ogs�a vist, at lastreduktionerne er f�lsomme over for
usikkerheder relateret til estimeringen af indstr�mningsfeltet.

Denne afhandling indeholder et antal videnskabelige artikler, der beskriver de
introducerede resultater.
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Nomenclature

�
 Average steady state rotor speed.

�V0 Average free wind speed.

�V0 The estimated transport velocity of the LiDAR measurements.

� M f f Range of steady state tower bottom fore-aft bending moment variations.

� M in Range of steady state blade root in-plane bending moment variations.

� M out Range of steady state blade root out-of-plane bending moment varia-
tions.

� M ss Range of steady state tower bottom side-side bending moment varia-
tions.

� M tilt Range of steady state tilt moment variations.

� M yaw Range of steady state yaw moment variations.

� Td Time shift of preview time.

� Estimation error of LiDAR measurement transport velocity.

� Tip speed ration.

� � Optimal tip speed ratio of the rotor.


 Rotor speed.

 Rotor azimuth angle.

 i Azimuth angle of blade i .
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� Density of the air.

� Preview time.

u Vector containing optimization variables.

� a Azimuth angle of LiDAR sensor beam.

� c Cone angle of LiDAR sensor beam (angle between rotor axis and LiDAR
sensor beam).

� i
p Pitch angle of blade i .

� E Yaw error.

� p Pitch angle.

~� Preview time with uncertainty.

~M out High-pass �ltered blade root out-of-plane bending moment.

~P Power available from the wind when a yaw error is present.

~Td Transport time of LiDAR measurements with estimation uncertainty.

^� M out Range of steady state blade root out-of-plane bending variations nor-
malized with range at zero yaw error.

A r Rotor area.

Cp Power coe�cient.

Cmax
p Maximum power coe�cient of the rotor.

FL Focal distance of LiDAR sensor.

F n
L n'th focal distance of LiDAR sensor (for pulsed LiDAR sensor).

Fs Sampling frequency.

I Turbulence intensity.

k Gain of generator torque controller.

L p Distance from the LiDAR sensor measurement pattern to the rotor.

M f f Tower bottom fore-aft bending moment.

M in Blade root in-plane bending moment.

M out Blade root out-of-plane bending moment.
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M ss Tower bottom side-side bending moment.

M tilt Tilting moment.

M yaw Yawing moment.

P Power output of the turbine.

Pr Rated power of the turbine.

Ploss (� E ) Power loss due a yaw error.

Pmax Maximum available power from the wind.

Qg Generator torque.

R Radius of the rotor.

T Integration time.

t Time.

Td Time from the LiDAR sensor measures a wind speed till it reaches the
rotor.

V0 Free wind speed.

VL (� a ; � c; FL ) Lidar wind speed measurement as a function of, azimuth angle,
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Vp Wind speed perpendicular to the rotor.
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Chapter 1

Introduction

One of the de�ning factors for the design of a wind turbine is the load variations
that the turbine should be able to endure during its life time. These load
variations depend on the in
ow to the turbine, in particular the variations of
the in
ow. The magnitude of the in
ow variations in the area that is swept
by the rotor of a wind turbine increases with increasing rotor size. Thus, the
potential load variations increase in magnitude with increasing rotor size. The
increasing load variations can either be absorbed by increasing the strength of
the turbine, and thereby increasing the cost of the turbine, or by introducing
intelligent operation of the turbine through control schemes that reduce load
variations. Another de�ning factor for the design is the ability of the turbine to
extract the maximum amount of energy from the wind. The power capturing
capabilities of a turbine is determined by the aerodynamic design of the rotor,
and the control systems ability to keep the turbine at an optimal operating
state. Hence, the control system is vital to the performance of a wind turbine.

Classical wind turbine control is limited to speed and power/torque regulation,
and has limited abilities to alleviate the varying loads and maximize the power
production. Therefore, a need for controllers that enable load alleviation and
power maximization is emerging as the size of wind turbines is increasing to
accommodate the increasing demand of renewable energy. Such controllers can
be based on various sensors and control concepts. This thesis is focused on
assessing the potential of in
ow measurement based control for load alleviation
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and increased power capture of horizontal axis upwind turbines.

This chapter contains a brief introduction to classical control of horizontal axis
upwind turbines, an overview of the state of the art of wind turbine control, an
overview of the potential bene�ts of in
ow measurement based control, and a
description of the scope of the thesis.

1.1 Classical Wind Turbine Control

The control system of a wind turbine consists of three main components that are
each responsible for di�erent tasks related to the operation of a wind turbine:
a supervisory controller, a safety system, and the closed loop controllers.

The supervisory controller is responsible for the overall operation of the turbine,
and for bringing the turbine from one operational state to another. For example,
it is the responsibility of the supervisory controller to bring the turbine from a
standby to a power producing operational state, when the wind speed increases
from below to above the cut-in wind speed. This transition involves a controlled
start-up of the turbine that includes powering up the actuators, disengaging the
shaft brake, pitching to a certain value, waiting for the rotor speed to increase
etc. The supervisory controller is also responsible for shutting down the turbine
and bringing it to a safe state in case of an abnormal event such as extreme
winds, loss of electrical power, or other types of failures that can be detected by
the controller.

The role of the safety systemis to take over, and ensure a safe operation of the
wind turbine when the supervisory controller is incapable of doing so. Thus,
the safety system acts as a redundant system that takes over in case of failure of
the main system. The safety system is designed to be independent of the main
control system, fail-safe, highly reliable, and based on hard-wired circuits.

The objective of the closed loop controllersdepends on the operational state of
the wind turbine, which can be divided into two operational domains: below
and above the rated wind speed. The rated wind speed is the wind speed at
which the rotor produces an aerodynamic torque that matches the rated torque
of the generator. At below rated wind speeds, the objective of the closed loop
controllers is to maximize the power output, while the objective is to keep the
power or generator torque constant and limit the rotor speed at above rated
wind speeds.

Di�erent strategies can be applied for achieving the objectives of the closed loop
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controllers, but the most common strategy of modern turbines is variable speed
and pitch to feather control. The following description applies to this type of
turbine. For information related to other types of turbines c.f. [1].

The control of a variable speed and pitch regulated turbine involves yaw, collec-
tive pitch, and generator torque actuation. Yaw actuation is applied to ensure
that the rotor is perpendicular to the mean wind direction at all times. Yaw
control usually relies on feed-back from a measurement of the in
ow direction
relative to the rotor axis. Such a measurement is usually acquired using a trans-
ducer that is located atop of the nacelle. Due to the large forces that are required
for changing the yaw direction, the yaw controller is usually a dead-band con-
troller that only applies actuation when the turbine has been misaligned for
a certain amount of time. Hence, the yaw controller is usually a slow acting
system. An example of a yaw controller is given in Appendix C.

Collective pitch and generator torque actuation are applied for regulating the
rotor speed. For below rated operation, the objective of the speed regulation is
to ensure that the rotor speed is kept at the value that yields the highest possible
power output. The maximum power output is achieved by ensuring that the
turbine operates at the optimal pitch angle and tip speed ratio. The pitch is
kept constant at its optimal value (�ne pitch) for below rated operation, whereas
the tip speed ratio is kept at its optimal value by regulating the generator torque
and hereby the rotor speed. The generator torque can i.e. be speci�ed by the
following control law [1]:

Qg = k
 2; where k =
1
2

��R 5 Cmax
p

� � ; (1.1)

� is the density of the air, R is the radius of the rotor, Cmax
p is the maximum

power coe�cient, and � � is the optimal tip speed ratio. Thus, the gain of the
torque controller can be calculated from the performance characteristics of the
rotor.

At above rated wind speeds, the role of the speed controller is to regulate the ro-
tor speed to yield either constant power or constant torque. The rotor speed can
be e�ciently regulated by changing the aerodynamic torque through pitching
of the turbine blades. The above rated rotor speed control is traditionally im-
plemented as proportion-integral-derivative (PID) control of the collective pitch
angle. More elaborate descriptions of classical control schemes for wind turbines
can be found in various publications, i.e. [1, 2].
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1.2 State of the Art Wind Turbine Control

The traditional wind turbine control strategy does not guarantee optimal power
capture nor does it ensure that the load variations on the turbine are minimized.
Increasing the power capture and alleviation of the varying loads on turbines
are active research topics. In the following, the state of the art of power maxi-
mization and load alleviation using pitch and yaw control is presented.

1.2.1 Emerging Sensor Technologies

Recently developed control schemes for wind turbines have transpired on the
basis of innovations within di�erent measurement technologies. Especially tech-
nologies for measuring the in
ow to a turbine, such as pitot tubes, advanced
anemometers and LiDAR sensors, have lead to new control concepts.

Pitot tubes can be used for measuring the local in
ow to a blade section. The
application of pitot tubes on wind turbine blades was successfully demonstrated
in the DANAERO experiment [3]. Measuring the local in
ow allows for fast
detection of in
ow disturbances because the wind disturbance is only �ltered by
the in
ow dynamics before it is measured.

Improved on-turbine wind speed and direction measurements have also been
developed. For example, the spinner anemometer that relies on three sonic
anemometers that are placed on the spinner. Using the measurements from the
anemometers and careful calibration based on computational 
uid dynamics
(CFD) the in
ow speed and direction can be estimated [4].

Finally, numerous studies have shown that light detection and ranging (LiDAR)
sensors can be used for measuring the in
ow to a turbine [5, 6, 7, 8, 9, 10], and
control based on LiDAR sensors is a very active research area. Two types of
LiDAR sensors have been suggested for in
ow estimation: pulsed and continuous
wave LiDAR. The fundamental di�erences between a pulsed and a continuous
wave LiDAR sensor are described in [11], and can be summarized as:

� A continuous wave LiDAR sensor emits a focused and continuous laser
beam, and measures the returning light in short intervals. A pulsed LiDAR
sensor emits short pulses of laser light and measures the returning light
at di�erent times after the emission time, which corresponds to measuring
the wind speed at di�erent distances (ranges) in front of the LiDAR sensor.
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� A continuous wave LiDAR sensor is generally capable of providing a much
higher sampling speed than a pulsed LiDAR sensor.

� The averaging volume of a continuous wave LiDAR sensor depends on the
focal distance, whereas the averaging volume of a pulsed LiDAR sensor is
constant.

� A continuous wave LiDAR sensor only measures the wind speed at one
distance in front of the lens. A pulsed LiDAR sensor samples wind speeds
at di�erent distances in front of the lens simultaneously.

The LiDAR sensor setups that have been suggested for wind turbine control ap-
plications vary, but the general concepts of the LiDAR sensors for wind turbine
control are illustrated in Figure 1.1. With the pulsed LiDAR sensor, measure-
ments are sampled from scaled versions of the scanning pattern at multiple
distances upwind of the LiDAR sensor. The continuous wave LiDAR sensor
only provides measurements from a scan pattern at one distance. Both types
of LiDAR sensors provide a preview of the incoming wind speeds, which might
prove useful in wind turbine control systems.

1.2.2 Power Maximizing Control

A primary condition for maximizing the power output of a horizontal axis wind
turbine is that the rotor is positioned perpendicular to the mean wind direction,
which is the responsibility of the yaw controller. In recent studies, in
ow sensors
have been used for characterizing the performance of the yaw alignment system

(a) (b)

Figure 1.1: Illustration of LiDAR sensor setups for wind turbine control applications.
a) Continuous wave LiDAR sensor, b) Pulsed LiDAR sensor.
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of di�erent turbines. In [7, 8, 12], measurements from a spinner mounted con-
tinuous wave LiDAR sensor are used to estimate the yaw error of an operating
onshore 2 MW turbine. The results indicate that this particular turbine is op-
erating with a mean yaw error that is varying around approximately 10 deg. In
[4], a spinner anemometer is used for estimating the yaw error of a 3.6 MW on-
shore turbine. The results show that the turbine is operating with a mean yaw
error around 10 deg in the measured wind speed range, and that the variance of
the yaw error is dependent on the wind speed. In [13], a nacelle mounted pulsed
LiDAR sensor is used for estimating the yaw error of a well calibrated onshore
prototype turbine. The mean yaw error of this particular turbine is close to
zero. In [6], the mean yaw error of several turbines are measured using LiDAR
sensor systems, and mean yaw errors from 12-15 deg are observed.

Di�erent control schemes have been suggested for eliminating the yaw error that
is observed for some turbines. In [6], it is suggested to use measurements from
a simple LiDAR sensor as input to the yaw control system. It is shown through
experiments that the yaw error of di�erent turbines can be kept close to zero,
and the power production thereby is increased. In [4], the use of a spinner
anemometer is suggested for yaw control.

Pitch and torque control can also be applied for maximizing the power output
of a turbine. In [14], three di�erent improvements of the conventional control
scheme are suggested; simple gain modi�cation, optimally tracking rotor control,
and adaptive control. Power improvements of 0.5%-1% are shown through sim-
ulation studies for the simple gain modi�cation, and for the optimally tracking
rotor control algorithm. However, power improvements of 5%-14% are observed
from an experiment with the adaptive controller implemented on a 600 kW tur-
bine. In [15], simulation studies show that the power output of a turbine that
is operating with a conventional speed controller can be signi�cantly increased
by using a nonlinear dynamic state feedback controller with estimation of wind
speed and aerodynamic torque. The results show that a power increased of 18%
can be achieved by applying the nonlinear dynamic state feedback controller
compared to a baseline controller. In [13], the prospects of power optimization
by LiDAR sensor assisted torque control are investigated. A method for direct
speed control is suggested that is based on adding a feed-forward term to the
standard k
 2 indirect speed controller. Simulation results show that the method
enables e�cient tracking of the optimal tip-speed ratio, but the resulting power
increase is small.
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1.2.3 Load Alleviation

Alleviation of load variations can be achieved using yaw, generator torque, pitch
or aerodynamic control surface (
aps, microtaps etc) actuation. This thesis
only covers yaw and pitch actuation. A review of control based on aerodynamic
control surface actuation can be found in [16].

Pitch control can be divided into two categories: collective pitch and individual
pitch control. Collective pitch control can be used for alleviating thrust varia-
tions that cause load variations on both the blades and the tower. In [17], it is
suggested to use measurements of the tower top accelerations as input to a feed-
back collective pitch controller, and a feed-back tower damping scheme is tested
experimentally in [18]. The experimental results show that the load variations
can be signi�cantly reduced by applying the tower damping. The tower top ac-
celerations are the results of the wind speed variations. Because of the dynamics
of the turbine, the measured accelerations have a phase delay compared to the
wind speed variations. Therefore, control schemes that are based on feed-back
of acceleration measurements have an inherent time delay. Using feed-forward
of the incoming in
ow to the collective pitch control has the potential of dras-
tically decreasing the oscillations and loads. In [18], a feed-forward collective
pitch control scheme is suggested that e�ciently alleviates load variations that
are caused by mean wind speed changes. The performance of a preview col-
lective pitch controller based on measurement from a nacelle mounted pulsed
LiDAR sensor is demonstrated experimentally in [9]. It is shown that the low
frequent load variations are decreased by the preview controller. In [19], a collec-
tive pitch feed-forward approach is tested in combination with individual pitch
through simulations. Fatigue load reductions of 5-15% are observed compared
to a feed-back only controller. Advanced model predictive controllers have also
been developed for load alleviating collective pitch control [20]. The results
show load reductions up to 50% for extreme gusts and 30% for lifetime fatigue
loads without negative impact on overall energy production

Individual pitch control o�ers the possibility of reducing the load variations
that are caused by the in
ow variations within the rotor plane. Several control
schemes have been suggested that are based on the Coleman or l-q transform
of e.g. blade root bending load measurements, [21, 22, 23]. Experimental re-
sults presented in [18] show that the once-per-revolution (1P) blade loads can
be e�ciently decreased using a cyclic pitch control design based on the Coleman
transform. A di�erent approach is suggested in [24], using measurements of the
local in
ow to a section of the blade as input to an individual pitch controller.
Simulated results show that the in
ow based controller yields a better allevi-
ation of the extreme loads than a cyclic pitch controller based on blade root
bending moments. Using preview measurements for individual pitch control
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have also been suggested in several studies. In [25], it is shown that using Li-
DAR measurements as inputs to a disturbance accommodating controller yields
larger load reductions than when structural measurements are applied. In [19],
an individual pitch gain-scheduled shaped compensator is tested with perfect
upstream in
ow measurements as input. The results show that the tower and
blade load variations can be decreased using the suggested controller if a pre-
view of three to �ve seconds is available. In [26], a cyclic pitch design based
on preview measurements from a spinner mounted LiDAR is suggested and the
simulated performance of the suggested controller is compared to two feed-back
only controllers. The comparison shows that the suggested preview controller
yields slightly larger load reductions than the baseline controllers. In [27], a
model predictive controller is implemented based on simulated LiDAR mea-
surements. Simulations show signi�cant load reductions compared to a baseline
individual pitch controller. In [28], simulations show that the advantages of
using preview control based on LiDAR measurements diminish if non-perfect
LiDAR measurements are used as input.

1.3 Motivation

Feed-back only control systems are based on sensors that either measure the
response of the turbine to a disturbance, such as a wind speed change, or the
wind speed behind the rotor. Thus, the conventional measurement suite is only
able to measure the e�ect of a disturbance. Therefore, feed-back control is in-
herently delayed by the aero- and structural dynamics by which the disturbance
is �ltered before it is measured by the sensors. Furthermore, the reaction to the
disturbance is delayed by the actuator dynamics. In
ow measurements have the
potential of eliminating the delay in the measurement system, thus, allowing di-
rect measurements of the disturbances. If the in
ow is measured upstream of
the turbine, the preview of the in
ow can even aid in compensating for the delay
that is caused by the actuator dynamics. Thus, including measurements of the
in
ow in the control system can potentially improve the performance of the tur-
bine by increasing the power output and reducing the loads. This has also been
indicated in di�erent studies, see the previous section. Some of the potential
bene�ts of applying in
ow measurement based control are listed below.

� Supervisory control

{ A system for measuring the wind speed and direction upstream of the
turbine would enable detection of a sudden rise in wind speed from
below cut-in to above cut-in before the wind speed change reaches
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the turbine. Hereby, start-up of the wind turbine can be initiated
earlier to ensure an earlier start of energy extraction.

{ A system for measuring the wind speed and direction upstream of the
turbine would enable detection of an extreme in
ow change before
the in
ow change reaches the turbine. Hereby, the extreme loads
can be lowered by bringing the turbine to a safe state prior to the
occurrence of the extreme event at the turbine.

� Closed loop control

{ Upstream measurements of the in
ow directions could be applied
in the yaw control system to ensure that the turbine operates with
optimal yaw alignment, which could lead to optimal conditions for
power extraction and reduce the load variations.

{ Preview knowledge of the incoming mean/rotor e�ective wind speed
combined with feed-forward collective pitch control could lead to in-
creased power capture by optimal Cp-tracking.

{ Preview knowledge of the incoming mean/rotor e�ective wind speed
combined with feed-forward collective pitch control could lead to re-
duced tower motion and load variations.

{ Detailed knowledge of the in
ow �eld combined with individual pitch
control could lead to individual pitch actuation that is optimized for
maximizing the power capture.

{ Detailed knowledge of the in
ow �eld combined with individual pitch
control could lead to decreased load variations in situations with az-
imuth dependent in
ow.

Many of the existing studies on in
ow measurement based control are focused
on the development of one speci�c controller that is based on one speci�c tech-
nology, and aimed at one speci�c task (maximizing power, minimizing speci�c
load variations etc). Thus, only the potential bene�ts of that particular appli-
cation are explored. In this thesis the overall potential of in
ow measurement
based control is assessed by exploring the potential of load alleviation and power
maximization based on di�erent types of in
ow measurements.

1.4 This Thesis

The objective of this thesis is to study the potential bene�ts and challenges of
applying in
ow measurements in wind turbine control systems. The study is
limited to assessing the potential of improving the yaw and pitch control. The
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potential bene�ts of applying in
ow measurements in a wind turbine control
system are divided into two categories:

1. Increased power production

2. Decreased load variations

Each bene�t can be achieved using either improved pitch or yaw control. At
below rated wind speeds, the focus is on increased power production, whereas the
focus is on decreasing the load variations at above rated wind speeds. The thesis
contains a summary of the results that were achieved during the thesis work, as
well as overall discussions of the results and results that have be published by
others. The scienti�c results of the thesis work are documented in the research
papers that are included in Appendix A - G.

The main contributions of this thesis are:

� A method for estimating the yaw error of a wind turbine using measure-
ments from a spinner mounted LiDAR. Presented in Appendix A

� A study of the yaw tracking performance of an operating o�shore turbine
during a three year period. Presented in Appendix B

� A method for improving the yaw tracking performance of a turbine using
the conventional transducers. Presented in Appendix C

� A method for decreasing blade load variations through yaw control. Pre-
sented in Appendix D

� Suggestions for control schemes based on measurements from di�erent
types of in
ow sensors. Presented in Appendix E and F

� An optimization study for assessing the potential of increased turbine
performance through pitch and torque actuation independent of control
design. Presented in Appendix G

� A summary of the uncertainties of applying in
ow measurement based
control of wind turbines

The thesis is divided into two main chapters that summarize the achieved results.
First, the potential of increasing the power production is discussed, then the
potential of decreasing the load variations is discussed. After the main chapters,
the thesis contains a discussion of the achieved results, and conclusions relating
to the potential of including in
ow measurements in the wind turbine control
systems, as well as suggestions for further work.



Chapter 2

Increased Power Production

To assess the potential of increasing the power production of a wind turbine by
introducing in
ow measurements and more sophisticated control systems, it is
useful to understand the potential causes of power loss. The potential causes of
power loss of a traditional wind turbine control system are the topic of the �rst
section of this chapter. The potential of improving the power capture through
yaw and pitch control, respectively, are the topics of the remaining two sections
of the chapter. The focus of this chapter is solely on below rated operation,
because the power output cannot be increased for a turbine that is operating
above the rated wind speed.

2.1 Causes of Power Loss

The power output of a wind turbine that is operating in a uniform in
ow is
de�ned as [1, 29]:

P =
1
2

�A r V 3
p Cp(�; � p); (2.1)
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where� is the density of the air, A r is the swept area of the rotor,Vp is the wind
speed perpendicular to the rotor,Cp is the power coe�cient, � is the tip speed
ratio, and � p is the collective pitch angle. In uniform in
ow, a wind turbine is
producing its maximum power when Vp is equal to the free wind speedV0, and

Cp = max
�;� p

(Cp(�; � p)) : (2.2)

Hence, power loss can be caused by operation whereVp < V0 and Cp(�; � p) <
max
�;� p

(Cp(�; � p)).

If the rotor axis of a turbine is not aligned with the free wind direction, the
wind speed perpendicular to the rotor plane is reduced to:

Vp = V0 cos(� E ); (2.3)

where � E is the magnitude of the misalignment, which is referred to as the
yaw error of the turbine. Hence, the maximum amount of power that can be
extracted by a turbine that is operating with a yaw error � E is reduced to:

~P =
1
2

�A r (V0 cos(� E ))3Cp(�; � p): (2.4)

Thus, the extractable power is reduced by a factor of cos3(� E ). Experimental
results, however, suggest that the actual reduction is slightly less [30, 31], due
to changes in the induced velocities of the yawed wake.

The power coe�cient of a wind turbine depends on the aerodynamic design,
and the shape of theCp-surface di�ers from turbine to turbine. For illustration,
the Cp-surface of the NREL 5 MW reference turbine is shown in Figure 2.1.
The Cp is calculated using blade element momentum (BEM) theory, and as-
suming that the turbine is sti� and that the in
ow to the turbine is uniform
and perpendicular to the rotor.

From Figure 2.1, it is evident that the maximum power coe�cient for this par-
ticular turbine is achieved when the turbine is operating at a pitch angle of
� = � 0:9 deg and a tip speed ratio of� = 7 :8. Thus, optimal power extraction



2.1 Causes of Power Loss 17

¸ [-]

µ p
[d

eg
]

 

 

Cmax
p

5 10 15 20
-10

-5

0

5

10

15

20

25

30

35

40

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Figure 2.1: Contour plot for the power coe�cient of the NREL 5 MW reference
turbine as a function of the collective pitch angle and the tip speed ration. The �gure
was generated using blade element momentum theory [29] and assuming stationary
and uniform in
ow, and no turbine 
exibility.

is achieved if the pitch and tip speed ratio is kept at these values for a station-
ary uniform in
ow. However, the in
ow to a turbine is neither stationary nor
uniform; it changes with time and is non-uniform due to wind shear, yaw error,
turbulence, etc. Thus, continuous regulation is required for maintaining optimal
power extraction.

Power is potentially lost when the wind speed changes because the rotor speed
only changes slowly to maintain the optimal tip speed ration and that the pitch
traditionally is kept constant. Furthermore, the optimal tip speed ratio, which
is tracked, is calculated for a uniform in
ow. The optimal operating pitch and
tip speed ratio of a turbine that is operating in a non-uniform in
ow might be
di�erent from those estimated for a uniform in
ow. They might even be azimuth
dependent. Hereby, a turbine that operates with only collectively regulated
pitch angles in a non-uniform in
ow is likely to be operating sub-optimally.
Consequently, power is lost because of the assumption of uniform in
ow in the
estimation of the optimal pitch and tip speed ratio.

The causes of power loss that were introduced above can be eliminated through
improved wind turbine control. In the following, the potential of increasing the
power production of wind turbines by minimizing the yaw error and by applying
optimal pitch control is assessed.
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2.2 Improving the Power Capture by Improved
Yaw Alignment

The potential of improving the power capture of a wind turbine by improving
the yaw alignment through in
ow measurements depends on both the perfor-
mance of the current yaw alignment system, and the ability of the in
ow mea-
surement system to estimate the in
ow direction. Therefore, both the current
performance of a conventional yaw alignment system, and the capabilities of an
in
ow measurement system have been explored The results are summarized in
the following.

2.2.1 Current Performance of Yaw Alignment Systems for
Horizontal Axis Turbines

The yaw performance of an o�shore 2.3 MW turbine was assessed by analyzing a
multiyear dataset containing turbine data and measurements from an upstream
meteorological mast (met mast). The estimated mean yaw errors and root
mean square (RMS) variations around the means are shown in Figure 2.2 as a
function of the mean wind speed. The results show that the studied turbine is
operating with a mean yaw error that varies from approximately -1 deg to 2 deg
depending on the mean wind speed. The RMS variation of the yaw error also
depends on the wind speed and is below 5 deg for wind speeds above 5 m/s.
Details regarding the estimation of the yaw errors can be found in Appendix B.

Furthermore, a study of the yaw error of an experimental variable speed, and
pitch regulated turbine (CART3 [32, 33]) have been carried out by analyzing all
available data for the turbine and estimating the yaw error using measurements
from an upwind met mast. In Figure 2.3, the estimated yaw errors are shown
as a function of rotor speed. It is seen that the mean yaw error varies from
approximately 0 deg at standstill to approximately 15 deg at the rated rotational
speed. Thus, it appears that the wind direction measurements from the nacelle
mounted transducer are a�ected by the 
ow distortions that are caused by the
rotor, when the turbine is operating.

Based on the yaw performance that was observed for the CART3 turbine, a
correction scheme was implemented that corrects for the rotor speed dependent
wind direction measurement error. The updated controller was tested, and the
performances of the current and improved yaw controller are compared in Figure
2.4. The yaw error has clearly decreased, and the mean yaw error is close to
zero when the updated controller is applied. The details of the study can be
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Figure 2.2: Mean yaw errors and RMS variations around the means of the o�shore
2.3MW turbine that was studier in Appendix B as a function of wind speed. The yaw
error is estimated using turbine data and met mast measurements
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Figure 2.3: Mean yaw errors of the CART3 research turbine as a function of rotor
speed. The dashed line represents a linear �t to the data. The yaw errors are estimated
from turbine and met mast measurements. See Appendix C for details.
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Figure 2.4: Medians of 1-minute average yaw errors of the CART3 turbine binned
according to rotor speed. The yaw errors are shown for the original yaw controller ( ��
� ) and the updated yaw controller (|). The whiskers indicate the standard deviation
of the yaw errors in each bin. Narrow whiskers are for the corrected controller, whereas
wide whiskers are for the uncorrected controller. Solid squares indicate that the value
of the corrected controller is signi�cantly lower than the corresponding value of the
uncorrected controller|at a level of signi�cance of 95% using the t-distribution. For
details c.f. Appendix C.

found in Appendix C.

Finally, the yaw errors of an onshore 2 MW turbine have been estimated us-
ing measurements from a spinner mounted LiDAR sensor. In Figure 2.5, the
estimated yaw error of the turbine is shown, and it appears that the turbine is
operating with a mean yaw error around 10 deg, see Appendix A.

In summary, the presented results indicate that it is not uncommon for a turbine
to be operating with yaw errors that can potentially lead to signi�cant power
losses. However, the results also show that using the traditional transducers
and yaw control schemes, the yaw error can be kept close to zero. The yaw
performances of the studied turbines and turbines that have been studied by
others are summarized in Table 2.1.
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Figure 2.5: Yaw error as a function of time of the 2 MW onshore turbine that was
studied in Appendix A, estimated using measurements from a spinner mounted LiDAR
sensor (|) and met mast measurements ( � � � ).

2.2.2 Improving Yaw Error Estimation by Upstream In-

ow Measurements

In the previous section it was shown that is not uncommon for a turbine to
be misaligned with the mean wind direction. The yaw errors are caused by
de�ciencies of the current yaw controller or measurement system. The primary
input to the yaw controller of modern wind turbines is a wind direction mea-
surement from a sensor, which is usually mounted on the nacelle behind the
rotor. This measurement gives rise to two main uncertainties relating to the
estimated in
ow direction:

1. The swirl of the wake will e�ectively change the wind direction that is
measured by the nacelle mounted transducer. Thus, the direction of the
distorted 
ow behind the rotor is not the same as the direction of the
undistorted 
ow upstream of the rotor. This e�ect is shown numerically
in [34], and is indicated by experimental results in [4], Appendix B and
C, where it is observed that the magnitude of the yaw error depends on
wind speed and rotor speed.

2. The measurements from the nacelle mounted transducer are only point
measurements. For large rotors, the wind direction is not necessarily uni-
form in the entire rotor plane, but may vary due to i.e. wind veer. There-
fore, a single point measurement might not be the best way to estimate
the e�ective wind direction that is acting on the rotor.

Because of the uncertainties that are associated with the current wind direc-
tion measurement, a number of alternatives for estimating the e�ective in
ow
direction have been suggested. An approach for improving the wind direction
estimate is to use measurements from a LiDAR sensor mounted in or on the
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nacelle that measures the wind speeds in a pattern at a distance upwind of the
turbine. Using a spinner mounted LiDAR sensor, measurements are sampled in
the undisturbed 
ow and distributed across the rotor plane. Thus, both of the
uncertainties of the traditional nacelle based wind direction measurement are
eliminated. In Appendix A, the ability to estimate the yaw error based on mea-
surements from three di�erent scan types is investigated through simulation. It
is found that the best estimate of the yaw error is achieved with a circular scan
with a cone angle of 30 deg. The precision of the yaw error estimates depends on
both turbulence intensity and wind speed, see Figure 2.6. However, the median
error of the estimates is below 3 deg in the tested range of wind speeds and
turbulence intensities. Thus, it appears that a precise estimate of the yaw error
can be achieved by using LiDAR sensors.

Another possible sensor for estimating the yaw error is a blade mounted pitot
tube. Using a blade mounted pitot tube, the 
ow direction in the entire rotor
plane can be estimated as the blade rotates. The in
ow direction could also be
estimated using a spinner anemometer [4]. However, this measurement still only
supplies a point measurement, and eliminates only one of the two uncertainties
of the current system. Finally, it might also be possible to estimate the yaw error
from the blade root bending moments. Neither of these methods are studied in
detail in this thesis. However, in the following section the potential of improving
the power yield by completely eliminating the yaw error is investigated. Hence,
an upper limit is provided for the e�ect of improving the yaw alignment using

[-]

Figure 2.6: Mean error of yaw error estimates calculated from simulated continuous
wave LiDAR measurements from a circular scan with a cone angle of 30 deg and a
focal length of 100 m as a function of turbulence intensity and mean wind speed.
The centerlines of the box-plots are the medians of the simulation results, whereas the
upper and lower lines represent the 75th and 25th percentiles. The whiskers represents
� 2:7� . Points outside the � 2:7� range are considered outliers and are marked by '+',
c.f. Appendix A for details.
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any sensor beyond what is achievable with conventional sensors.

2.2.3 The Potential of Increased Power Capture by Im-
proved Yaw Alignment

Based on the yaw tracking performance that was observed for the studied tur-
bines it appears that the yaw tracking performance can be improved in three
ways:

1. By reducing the mean yaw error

2. By eliminating the wind speed and rotor speed dependence of the yaw
error

3. By reducing the variation of the yaw error

A rough estimate of the potential of reducing the mean yaw error can be given
if it is assumed that the power loss due to a yaw error is proportional to (1�
cos(� E )3), as in Equation (2.4), and that the yaw error decreases the power in
the entire wind speed range. The potential power loss is then:

Ploss (� E ) = 1 � cos(� E )3: (2.5)

Table 2.1 shows the mean yaw error of a number of turbines studied in the
literature as well as the potential of improving the power output by eliminating
the observed mean yaw error estimated using Equation (2.5). As expected, there
is a large potential for improving the power output by eliminating the observed
mean yaw error for turbines that are operating with large mean yaw errors,
whereas the potential is small for the well calibrated turbines. Thus, it appears
that a signi�cant part of the power loss can be regained through calibration. It
should be noted that the estimated potentials that are indicated in Table 2.1
are upper limits, because the estimates are based on the assumption that the
yaw error induces power loss in the entire wind speed range. In reality, the yaw
error induces no power loss at above rated wind speeds.

The potential of improving the power output by removing the wind speed and
rotor speed dependence of the yaw error. In [4] and in Appendix B, it was shown
that the gradient of the mean yaw error is small, and the di�erence between the
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mean yaw error at low wind speeds and at the rated wind speed is small (< 2� 3
deg). If it is assumed that the average mean yaw error in the below rated wind
speed range can be reduce to zero through static calibration, the mean yaw error
of the turbines studied in [4] and Appendix B will vary in magnitude between
1-1.5 deg. Such a variation corresponds to a power loss that varies between 0
and 0:1% in the below rated wind speed range according to Equation 2.5. In
Appendix C, the rotor speed dependence is seen to cause a mean yaw error
variation in the below rated domain of approximately 5 deg. With good static
calibration of the turbine, this variation corresponds to a power loss that will
vary between 0% and 0:3% according to Equation (2.5).

It is shown in [4] and in Appendix B that the RMS variation of the yaw error
is below approximately 4 deg for below rated wind speeds. Thus, the potential
power increase by decreasing the yaw error variation is expected to be less than
Ploss (4) = 0 :7%, because even with in
ow measurements from a LiDAR sensor,
the estimated in
ow direction is associated with some uncertainty.

The potentials that are estimated above for the three types of improvements are
based on rough assumptions and only on the yaw performance. In Appendix B,
a detailed analysis is made of the potential power improvements of an operating
turbine that takes into account the measured yearly wind speed distribution.
The analysis shows that for this particular turbine; only approximately 0.2%
power is loss due to the observed yaw error distribution. Thus, the potential of
improving the power yield by introducing all three improvements and completely
eliminate the yaw error is < 0:2% for this particular turbine.

In summary, it appears that the potential of improving the power output by im-
proved yaw alignment is only signi�cant for badly calibrated turbines, and that
more detailed in
ow measurements will not enable signi�cant power increases
for well calibrated turbines. It should be noted, however, that the presented
results are from turbines that are operating in non-complex in
ow conditions.
It is possible that the potential is larger for turbines that are operating in more
complex in
ow conditions, e.g. in mountainous regions or in wakes of other tur-
bines. However, more complex in
ow is also likely to decrease the performance
of the in
ow estimation as discussed in Appendix A. Additional studies could
be aimed at assessing the optimal yaw position for power production of turbines
that are operating in complex in
ow, e.g. in wakes.
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Turbine Mean yaw error [deg] Ploss [%] Reference

Onshore 2 MW 10 4.5 [7, 8, 35, 12]
and Ap-
pendix A

Onshore 3.6 MW 10 4.5 [4]
Onshore 5 MW � 0 � 0 [13]
Vestas V-82 15 9.9 [6]
Nordex N60 13 7.5 [6]
Vestas V-82 15 9.9 [6]
Other 2 MW 15 9.9 [6]
Other > 2 MW 12 6.4 [6]
O�shore 2.3 MW � 0 � 0 Appendix B
CART3 10 4.5 Appendix C

Table 2.1: Summary of the documented mean yaw error of di�erent turbines and
the potential for improving the power production by eliminating the mean yaw error
assuming that Equation 2.4 is valid, and that the power is decreased in the entire
operating range by the yaw error.

2.3 Improving Power Capture by Pitching

In Appendix G, the potential of increasing the power output through feed-
forward collective pitch, individual pitch and generator torque actuation is as-
sessed through numerical optimization, and hereby independent of control de-
sign. Two types of in
ows are tested: uniform in
ow with mean wind speed
step changes and half wake in
ow.

The uniform in
ow with mean wind speed step changes represents an extreme
situation that is not seen in real operating conditions. This type of in
ow is
chosen because it represents a severe challenge for a turbine control system.
Thus, the results represent a �rst attempt of estimating the maximum potential
of applying power maximization using feed-forward collective pitch and gener-
ator torque control in a situation with rapid mean wind speed changes. Such a
control scheme could for example be based on preview of the in
ow provided by
measurements from a spinner mounted LiDAR sensor. Two types of optimiza-
tions are performed for the uniform in
ow:

1. Constant collective pitch is applied and the generator torque is regulated
according to the standard speed control law that is de�ned in Equation
(1.1). The optimization variables are the constant collective pitch angle
and the constant k. The result of this optimization yields a standard
speed controller that is optimized for capturing power in case of a wind
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speed change. Thus, this is a best case of what can be accomplished with
traditional speed control.

2. Collective pitch and generator torque are prescribed by two linear interpo-
lations that are each described by 20 points distributed around the wind
speed change. The optimization variables are the collective pitch and
generator torque values in the 20 optimization points. Hereby, the opti-
mization yields the optimal pitch and torque trajectory for maximizing
the power capture in case of a wind speed change.

The optimization problem is given as:

max
u

1
T

Z t + T

t
P(t)dt (2.6)

where u = ( � p; k) and u = ( � p(t i ); Qg(t i )) ; i = 1 :::20 for the two optimization
cases,t i is time of the i 'th input sample. The results of the optimizations
are presented in Figure 2.7. For the case with optimized pitch and generator
torque, the actuations are applied slightly before the wind speed change occurs.
However, it is seen that the actuations have limited e�ect on the power output,
and the observed increase in integrated power output is negligible compared
to the case of the optimized speed controller (0.04% power increase). Thus, a
preview of the in
ow for collective pitch control appears to have very limited
potential for improving the power capture compared to using feed-back control.
It might appear counter intuitive that the preview of the in
ow leads to no
signi�cant power increase. But, this can be explained by the shape of theCp-
surface. In the simulation study, a model of the NREL 5 MW reference turbine
is used, and the peak of theCp-surface for this particular turbine is very 
at,
see Figure 2.1. Hence, perturbations around the optimal operating position
yields only small power decreases. It is possible that the advantages of applying
preview measurement would be greater for a turbine that is designed with a
steeper slope of theCp-surface.

The half wake in
ow is an extreme situation where the wind speed is signi�-
cantly higher in one half of the rotor plane than in the other. This in
ow is an
idealization of what is expected for a turbine in a wind farm. In a real wind
farm, the wake would meander and not remain constant in one half-plane [36].
Two types of optimizations are performed to assess the potential of increasing
the power yield of a turbine that is operating in the wake of another turbine:

1. The same optimization as for the uniform in
ow, where the collective pitch
angle � p and the feed-back gaink are optimized.



2.3 Improving Power Capture by Pitching 27

0 10 20 30 40 50 60 70 80 90 100
6
7
8
9

V
0

[m
/s

]

0 10 20 30 40 50 60 70 80 90 100
-1.2

-1

-0.8

µ p
[d

e
g

]

0 10 20 30 40 50 60 70 80 90 100
10

20

30

Q
g

[k
N

m
]

0 10 20 30 40 50 60 70 80 90 100
1

2

3

P
[M

W
]

0 10 20 30 40 50 60 70 80 90 100
4

6

8

M
ou

t
[M

N
m

]

0 10 20 30 40 50 60 70 80 90 100
20

40

60

Time [s]

M
ff

[M
N

m
]

Figure 2.7: Results of power maximization through pitch and torque control at below
rated wind speeds and step changes of the collective wind speed for a sti� version
of the NREL 5 MW reference turbine. Results are shown for the case of optimized
constant pitch and gain factor (|), and for the case of optimized periodic pitch and
generator torque actuation ( � � � ). From the top and down: Free wind speed, pitch
angle, generator torque, power output, blade root out-of-plane bending moment, and
tower bottom fore-aft bending moment, c.f. Appendix G for details.

2. The generator torque is controlled using the standard speed control law.
An azimuth dependent pitch signal that is de�ned from two reference pitch
values and the azimuthal position of the two reference pitch values (the
phase) is superimposed to the collective pitch signal that is generated by
the speed controller. The pitch values at the intermediate azimuth angles
are obtained by interpolation between the two reference pitch values using
a cubic spline. Thus, the optimization variables arek and the values and
positions of the two reference pitch points� i

p( 1) and � p( 2).
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The optimization problem is given as:

max
u

1
2�

Z �

� �
P( i )

�


(  i )

d i (2.7)

where u = ( � p; k) and u = ( � i
p( 1); � p( 2); k) are the optimization variables for

the two optimizations, � p( i ) is the pitch angle at the azimuth angle  i , P( i )
is the obtained azimuth angle dependent power output,�
 is the average steady
state rotor speed and 
(  i ) is the azimuth angle dependent rotor speed. The
results of the power maximization are presented in Figure 2.8. It is seen that by
applying the optimized cyclic pitch signal, the power output is raised compared
to when only k and the collective pitch angle are optimized. With the optimized
cyclic pitch signal, the power integrated over one period is increased approxi-
mately 3.6%. However, the increased power output is penalized by increased
load variations. Especially, the blade root load variations are increased.

2.4 Summary

The results that are presented in the current literature and the results that are
achieved in the present work lead to the following summary relating to increased
power production through in
ow measurements:

� Turbines with poorly calibrated yaw alignment systems are not uncom-
mon. For such turbines there is a potential for increasing the power yield
by improving the yaw alignment

� Well calibrated turbines are able to align the rotor axis close to the mean
wind direction using only the existing measurement systems

� The potential of increasing the power output of a well calibrated turbine
by means of in
ow measurement based yaw control is small

� The potential of increasing the power output by feed-forward of the mean
wind speed to the control system is small

� There is a theoretical potential for improving the power performance
through feed-forward individual pitch control in situations with azimuth
dependent in
ow. However, the results are based on a simpli�ed model
and further validation is needed
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Figure 2.8: Results of power maximization at below rated wind speeds in half-wake
operation for a sti� version of the NREL 5 MW reference turbine. Results are shown
for the case of optimized constant pitch and gain factor (|), and for the case of
optimized gain factor and pitch values for cyclic pitch ( � � � ). From the top and
down: free wind speed at the two-thirds radius of the rotor, pitch angle, generator
torque, power output, blade root out-of-plane bending moment, and tower bottom
fore-aft bending moment, c.f. Appendix G for details.

The identi�ed potentials are all under the assumption that valid and accurate
in
ow measurements are available. The uncertainties of using in
ow measure-
ments as input to wind turbine control systems are discussed in Chapter 4.



30 Increased Power Production



Chapter 3

Reducing Load Variations

To understand how in
ow measurements can be used for alleviation of load vari-
ations, it is useful to understand the causes of load variations on a wind turbine.
Therefore, this chapter contains an introduction to the causes of load variations
on horizontal axis wind turbines. The potential of applying in
ow measure-
ment based pitch and yaw control for load variation alleviation is assessed in
the subsequent sections.

3.1 Causes of Load Variations

The load variations on a horizontal axis wind turbine are caused by the in-
stationary in
ow to the turbine, which is the sum of di�erent phenomena in-
ducing di�erent types of loads on the turbine. The phenomena that typically
constitute the in
ow to a turbine are illustrated in Figure 3.1. The e�ects of
the di�erent in
ow phenomena are summarized below.

� The mean wind speed is a primary parameter of the in
ow. Generally, the
mean wind speed changes slowly with large scale turbulent structures, and
causes thrust variations on the entire rotor resulting in blade and tower
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load variations. Rapid mean wind speed variations might also occur, and
these are referred to as gusts

� Vertical wind shear is the wind speed gradient along the vertical direction,
and is a result of the surface roughness and the viscosity of the air. The
blades of a turbine that is operating in a vertical wind shear will be exposed
to an in
ow that varies with the rotational frequency of the rotor. Thus, a
vertical wind shear causes once per revolution (1P) blade load variations
and 3P load variations on the tower (for a 3-bladed turbine)

� Yaw error occurs when the turbine yaw controller is not able to track the
mean in
ow direction. The blades of a turbine that is operating with a yaw
error will experience 1P varying in
ow conditions, which leads to 1P blade
load and 3P tower load variations (for a 3-bladed turbine). The e�ect of
wind shear and yaw error is discussed in more detail in Appendix D

� Horizontal wind shear causes load variations that are similar to those of a
vertical wind shear, but shifted 90 deg in phase

� Up or down 
ow can be observed in areas with complex terrain. The
induced blade load variations are similar to those caused by yaw error but
shifted 90 deg in phase

� Wakes from upstream turbines are a major concern for wind turbines that
are operating in a wind farm. Wakes are localized areas of low wind speed
that changes location as the wake meanders [36], and cause abrupt tower
and blade load variations

� The tower is blocking the 
ow in the area upstream of the tower. There-
fore, there is a localized wind speed drop just upstream of the tower (tower
shadow) that causes sudden blade load variations

The phenomena that are described above are all changing slowly with time.
On top of the slow changing mean e�ects is a stochastic small scale variation
(turbulence), which induces rapid load variations.

Di�erent control schemes can be applied for alleviating the e�ect of each of the
in
ow phenomena. Torque and collective pitch actuation can be used for varying
the thrust exerted on the rotor. Thus, torque and collective pitch actuation can
be used for alleviating the e�ects of mean wind speed variations. Yaw control
can be used to minimize the yaw error, and thereby the cyclic load variations
due to a yaw error. Individual pitch can be applied for alleviating the e�ects of
the azimuth dependent wind speed/direction variations (wind shear, yaw error,
up/down 
ow, wake, and tower shadow). Localized control surface devices, such
as 
aps, can be applied to alleviate the e�ect of small scale and fast changing
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Figure 3.1: Illustration of the di�erent in
ow phenomena that constitute the in
ow
to a wind turbine. Top: Turbine seen from the side. Bottom: Turbine seen from the
top.

turbulence, as well as the large scale azimuth dependent in
ow. In the following,
an assessment is given of the load alleviating capabilities of both yaw and pitch
control based on in
ow measurements.

3.2 Alleviating Load Variations by Yaw Control

The majority of the recent research on load alleviating control for wind turbines
is focused on pitch control or 
ap control. However, the load variations that are
caused by a vertical wind shear can also be reduced by introducing an intentional
yaw error, which is shown in Appendix D.

For a known shape of the vertical shear, a wind speed dependent yaw error
angle can be applied to alleviate the wind shear induced load variations. In real
applications, the wind shear varies with the atmospheric stability. Therefore,
the yaw error angle must be calculated from an estimate of the wind shear
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shape, e.g. found using measurements from a spinner mounted LiDAR sensor.
Alternatively, the yaw angle can be estimated from blade load measurements.
Four methods for estimating the optimal yaw error angle for load alleviation
are suggested, see Appendix D. Three of the methods are based on numerical
minimization of the blade root bending moment, local thrust force, and angle of
attack variations, respectively, and one is based on an analytic expression. For
illustration, the optimal yaw error angles for the NREL 5 MW reference turbine
are estimated as a function of wind speed using the four suggested methods, see
Figure 3.2. The sign of the optimal yaw error angle is di�erent for wind speeds
below and above the rated wind speed. The sign change is caused by the di�erent
local in
ow conditions that characterize operation at below and above the rated
wind speed for a pitch regulated turbine. Below and around the rated wind
speed, there is a signi�cant mean lift generated on the blade. Consequently, the
e�ect of the relative wind speed variations on the blade thrust force variation
is most signi�cant at these wind speeds. The most signi�cant reduction of the
thrust force variations due to the vertical wind shear is therefore achieved by
increasing the relative velocity in the bottom part of the rotor while decreasing
it at the top. Such adjustments of the relative velocity can be achieved by
introducing a positive yaw error (wind from the right when see from the rotor).

At above rated wind speeds, the lift coe�cient is close to zero along the outer
part of the blade, making the variation of the relative velocity less signi�cant.
Hence, at above rated wind speeds, the minimum blade load variations are
achieved by reducing the angle of attack variations to a mean value close to zero
deg. Such a smoothening of the angle of attack variations in a situation with
wind shear is achieved by introducing a negative yaw error. Finally, it is evident
from Figure 3.2 that the minimization of the angle of attack variations and the
simpli�ed analytic estimation only agree with the more complex estimations at
well above rated wind speeds.

To validate the theoretically estimated optimal yaw error angles, a number of
HAWC2 [37] simulations where performed with two di�erent types of wind shear,
varying wind speed, and varying yaw error angle. The optimal yaw error was
identi�ed as the yaw error that yields the least steady state blade root bending
moment variations. The results are presented in Figure 3.3 where both the
optimal yaw error and the resulting blade load variations are shown. The load
variations have been normalized such that:

^� M out =
� M out (V0; � E )
� M out (V0; 0)

(3.1)

where � M out (V0; � E ) is the range of the steady state blade root out-of-plane
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bending moment variations as a function of free wind speed and yaw error. In the
remainder of this section f(�) indicates that the result ( �) has been normalized
with ( �) at zero yaw error. It is seen that the theoretical expectations and
the simulation results compares well, and that the optimal yaw error yields
signi�cant reductions of the blade load variations.
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Figure 3.2: Four predictions of the optimal yaw error angle of the NREL 5 MW
reference turbine based on the minimization problems that are derived in Appendix
D. A positive yaw error corresponds to in
ow coming from the right, when seen from
the turbine.
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Figure 3.3: Results of HAWC2 simulations of the NREL 5 MW reference turbine with
varying wind speed and yaw error angle for the power law wind shear with an exponent
of 0.2 (|), and the linear wind shear with a slope of 0.05 s � 1 (� � � ). a) Optimal
yaw error angle for alleviating blade root out-of-plane bending moment variations as
a function of wind speed. b) Normalized load range with the optimal yaw error angle
applied as a function of wind speed. See Appendix D for details
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In turbulent in
ow, the identi�ed optimal yaw error is di�erent from the results
that are presented in Figure 3.3. The load variation reductions are less and
depend on the turbulence level. The results of the simulations in turbulent
in
ow are summarized in Table 3.1 that shows that the blade load reductions,
which are achievable through yaw error, are penalized by increased tower loads.

In summary, the results show that it is possible to decrease the blade load
variations that are caused by wind shear by yaw control. However, the blade
load reductions are penalized by increased tower loads. Therefore, a full design
load case must be performed and the results related to a cost model to assess if
the increased tower loads are justi�ed by the blade load reductions.

3.3 Alleviating Load Variations by Pitching

In the previous section, it was demonstrated how yaw control can be used for
alleviating load variations that are caused by vertical wind shear. However, as
seen in Figure 3.1, the vertical wind shear is only one of several phenomena
that induce loads on a wind turbine. The e�ects of the remaining slow changing
phenomena can be reduced by regulating the aerodynamic torque and thrust
through pitch actuation. Pitch control can be divided in two categories: collec-
tive pitch and individual pitch. In the following, the two types of actuation are
covered separately.

Turbulence Intensities
18% 13.5% 9% 4.5% 0%

� opt
m [deg] -15 -15 -20 -20 -25

^DEL (M out ) [%] 97.5 94.0 88.8 80.6 60.6
^DEL (M in ) [%] 96.7 97.3 97.2 97.7 98.0
^DEL (M tilt ) [%] 97.5 98 99 103.3 127.1
^DEL (M yaw ) [%] 103.5 103.7 105.3 107.5 134.7
^DEL (M f f ) [%] 106.3 102.7 108.6 106.7 154.9
^DEL (M ss ) [%] 110.2 95.5 101.6 87.9 122.9

Table 3.1: Identi�ed optimal yaw misalignment angles and estimated normalized
1 Hz damage equivalent loads at the optimal yaw misalignment angle at four
turbulence intensities. For the blade loads it is assumed that the slope of the
Wohler curve is m = 10 and for the remaining loads m = 3.
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3.3.1 Collective Pitch

In Appendix G, the potential of alleviating extreme load variations by collective
pitch is assessed through numerical optimization. Using numerical optimization,
it is possible to estimate the optimal actuation trajectory for load alleviation
independent of the control design. A sti� version of the NREL 5 MW turbine was
simulated in conditions where the in
ow consists of a series of wind speed steps.
The wind speed steps were chosen because they represent the most extreme case
that can be encountered by a turbine, thus, a worst case scenario. The collective
pitch signal was optimized by varying the pitch value speci�ed in 20 points
distributed around the wind speed step. The applied pitch signals were linear
interpolations between the optimization points, and the optimization problem
was de�ned as:

min
u

1
T

Z t + T

t
jP(t) � Pr j + j ~M out jdt (3.2)

where Pr is the rated power of the turbine, ~M out is the high-pass �ltered blade
root out-of-plane bending moment signal,u = � (t i ), and i = 1 :::20 is the vector
containing the optimization variables. The results of the optimization are com-
pared to the results of a simulation with a standard collective pitch rotor speed
controller in Figure 3.4. In the optimized case, the pitch actuation is applied
prior to the wind speed change. Hereby, the extreme load variations are reduced.
Thus, the results suggest that collective pitch feed-forward control can reduce
the loads on a wind turbine compared to feed-back only control in situations
with extreme wind speed changes. This result is consistent with the conclusions
of related studies, i.e. [9, 38]. In [9], experimental results show that collective
feed-forward pitch control can also alleviate the fatigue loads of a turbine.

3.3.2 Individual Pitch

In Appendix F, an individual pitch control scheme for alleviating load variations
is suggested. The idea of the control scheme is to minimize the variation of the
sectional thrust force at one discrete radial position on the blades, thus, basing
the controller on in
ow measurements. The controller is tested through simula-
tions with two types of in
ow measurements as input: on-blade measurements
of angle of attack and relative velocity, and upstream in
ow measurements from
a simulated LiDAR sensor. The controller is implemented as a feed-forward con-
troller and is tested with and without preview of the in
ow. For the on-blade
measurement, the preview is available for each blade from the measurements
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Figure 3.4: Results of load variation minimization through collective pitch control of
the NREL 5 MW reference turbine at above rated wind speeds and step changes of
the mean wind speed. Results are presented for standard collective pitch control (|),
and for optimized periodic pitch values ( � � � ). From the top and down: free wind
speed, pitch angle, power output, blade root out-of-plane bending moment, and tower
bottom fore-aft bending moment. See Appendix G for details.

from the blade leading in the rotation. The simulation results show that the
best performance is achieved with the on-blade measurements, see Figure 3.5.
Thus, it appears that the uncertainties of estimating the local in
ow from up-
stream measurements, and the fact that the relative movement of the blade
is not captured by the upstream measurement have a negative e�ect on the
performance of the controller.

In Appendix E, the in
uence of di�erent measurement types on the controller
performance is further investigated by using a baseline cyclic pitch control de-
sign. Three di�erent measurement types are tested through simulations with
the baseline controller: blade root out-of-plane bending moment, on-blade in-
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Figure 3.5: Out-of-plane damage equivalent blade root load variations for collective
pitch control and two types of in
ow measurement based individual pitch control with
and without preview of the in
ow simulated on a model of a 2 MW onshore turbine.
The loads are normalized with the loads of the collective pitch controller. Black: Class
A wind conditions. White: Class C wind conditions. NP: No preview, P: Preview,
Loc: controller based on on-blade in
ow measurements, Spin: controller based on
measurements from a spinner mounted LIDAR sensor. See Appendix F for details.


ow measurements, and simulated upstream LiDAR measurements. The base-
line cyclic pitch controller is based on the Coleman transformation of loads that
are estimated from the di�erent types of measurements, and is similar to the
one suggested in [21]. For the blade root out-of-plane bending moment mea-
surement based controller, the raw bending moment signal is used as input to
the controller. For the in
ow measurement based controllers, the thrust force
at a radial section is estimated from the measurements and used as input to
the controller. The controller that is based on upstream in
ow measurements
is designed to apply a preview of the in
ow that enables the controller to apply
actuation before an in
ow change reaches the turbine.

The results show that controllers that are based on either blade root bending
moment or on-blade in
ow measurements outperform the LiDAR sensor based
controller for stationary in
ow conditions (constant wind shear, no turbulence).
Thus, the preview does not provide any advantages. However, the controller
based on the upstream in
ow measurements leads to larger load reductions
than any of the no-preview measurement based controllers for situations with
extreme wind shear. Thus, for fast changing in
ow conditions, there is an ad-
vantage of applying the preview controller. Furthermore, for the extreme wind
shear case, it is seen that the controller that is based on on-blade in
ow mea-
surements performs better than the controller that is based on the blade root
bending moments. The results of the simulations with deterministic in
ow are
summarized in Figure 3.6 that shows the blade load reductions as a function of
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the applied preview time. It is evident that the performance of the controller
based on upstream in
ow measurements is sensitive to the preview time. If
the preview time is changed � Td = � 0:1s from the optimal preview time, the
extreme load range is equal to that of the local in
ow measurement based con-
troller. A preview time change of � Td = � 0:3s yields a load range equal to that
of the blade root bending moment based controller, and �Td = � 1s yields a
load range equal to that of the collective pitch controller.

The results that are presented in Figure 3.6 relies on the assumption that the
speed at which a measured wind speed travels towards the turbine is known.
Hereby, the time from a wind speed is measured until it reaches the turbine can
be calculated as:

Td =
L p

V0
; (3.3)

where L p is the distance from the measurement point to the rotor. In reality,
the true transport velocity of a measured wind speed is not known precisely and
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Figure 3.6: Results of simulations of the NREL 5 MW reference turbine with three
di�erent measurements applied for cyclic pitch control in situations with an IEC ex-
treme wind shear (a) and a standard IEC wind shear (b). Range of the extreme
load variations that are caused by the wind shear as a function of preview time of
the LiDAR based cyclic pitch (cyan), collective pitch controller (blue), M out based
cyclic pitch (green), and cyclic pitch based on on-blade in
ow measurements (red).
The results have been normalized with the moment range observed when the baseline
collective pitch controller is applied. See Appendix E for details.



3.3 Alleviating Load Variations by Pitching 41

a more realistic estimate of the transport time is:

~Td =
L p

�V0 + �
; (3.4)

where � is the estimation error of the transport velocity, and �V0 is the estimated
transport velocity. The estimation error e�ectively changes the preview time
because the wind speeds that are expected to reach the rotor are shifted in
time. Thereby, the e�ective preview time is:

~� = � + � Td; where � Td = Td � ~Td: (3.5)

Using Equation (3.4) and (3.5), the estimation error of the transport velocity �
corresponding to a given preview time disturbance �Td can be estimated as:

� =
� L p

� Td � L p
�V0

� �V0: (3.6)

In Figure 3.7 the estimation error � is plotted as a function of preview time shift
� Td for a mean wind speed of 15 m/s. It is seen that the LiDAR sensor based
controller only outperforms the local in
ow measurement based controller if the
transport velocity error is � 0:2 � � � 0:2 m/s. To outperform the controller
based on the blade root bending moment measurements, the transport velocity
error should be � 0:6 � � � 0:7 m/s. Finally, the error should be � 2:0 �
� � 2:6 m/s for the LiDAR sensor based cyclic pitch controller to outperform
the collective pitch controller. In addition to the uncertainties relating to the
transport time, the evolution of the in
ow from the upstream measurement
section to the turbine causes uncertainties relating to the measured wind speed.

In turbulent in
ow, the results show that similar load variation reductions are
achieved using either blade root bending moment measurements or local in
ow
measurements. The LiDAR sensor based controller yields smaller load reduc-
tions than either of the other controllers, see Table 3.2.

The majority of the studies on in
ow measurement based control are focused on
applying one particular control strategy and compares the results of the applied
controller to the performance of a simpler baseline controller. In Appendix G,
the potential of individual pitch control is investigated independent of control
design through numerical optimization. The pitch actuation is optimized for a
deterministic in
ow with wind shear and tower shadow, and is performed with
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Figure 3.7: Transport velocity error as a function of preview time shift (black) for the
IEC extreme wind shear. The six horizontal lines indicates the error that decreases
the performance of the LiDAR sensor based cyclic pitch controller to the levels of the
in
ow based IPC (red), blade root bending moment IPC (green), and collective pitch
controller (blue), respectively. See Appendix E for details.

Collective
pitch

M out cyclic
pitch

In
ow cyclic
pitch

LiDAR
cyclic pitch

M out 100% 85.1% 85.8% 90.7%
M f f 100% 103% 108% 110%

Table 3.2: Damage equivalent blade root out-of-plane bending and tower bot-
tom fore-aft bending load variations for the NREL 5 MW reference turbine
when collective pitch controller and cyclic pitch control based on di�erent types
of measurements are applied. The results have all been normalized with the
damage equivalent loads of the collective pitch controller. See Appendix E for
details.

an increasing number of optimization variables. The optimization problem is
given as:

min
u

vu
u
t 1

TFs � 1

T F sX

i =1

(M out;i � �M out )2 (3.7)

where u = � ( i ); i = 1 :::n, � ( i ) is a vector containing discrete pitch angles for
the n azimuthally distributed optimization points, and  i is the azimuth angle
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of the i 'th optimization point. Thus, both the pitch value and its azimuthal
position are optimized. The pitch signal that is applied in the simulations is
a cubic spline interpolation of the optimization points. In Equation (3.7), T
is the steady state simulation time, Fs is the sampling frequency,M out;i is the
blade root out-of-plane bending moment at time stepi of one of the blades, and
�M out is the mean steady state blade root out-of-plane bending moment. The

results of the optimization are shown in Figures 3.8 and 3.9 that show the power
and load variations, and the steady state pitch actuation, respectively. For all
the optimizations, the power output is una�ected. The blade load variations
for the two azimuthal optimization points are similar to those of the simple
cyclic pitch controller. This is expected because the two pitch optimization
points only allow for a 1P varying pitch signal. With additional optimization
points, the optimized pitch signal that tries to alleviate the loads caused by the
tower shadow, and the blade load variations are further decreased. Inspecting
the tower bottom load variations, it is seen that these are smallest when four
optimization points are applied. Thus, it appears that applying the complex
pitch signal is not bene�cial.

3.4 Summary

The results that have been presented for in
ow measurement based control for
load variation alleviation show that there is indeed a potential for reducing the
loads using in
ow measurements. The results are summarized below.

� The blade load variations that are caused by the vertical wind shear can
be reduced by introducing the suggested yaw misalignment control.

� The load variations on the turbine that are caused by mean wind speed
variations can e�ectively be reduced by feed-forward control based on pre-
view of the in
ow, e.g. available from a LiDAR sensor.

� The load variations that are caused by smaller scale e�ects such as wind
shear can be reduced by individual pitch control based on either load or
in
ow measurements.

� The potential of reducing the load variations using in
ow measurements
and individual pitch control beyond what is possible with conventional
sensors is limited, even when perfect measurements are assumed.

� The performance of individual pitch controllers based on upstream in
ow
measurements is very sensitive to preview time disturbances. Even small
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disturbance will diminish the bene�ts of using preview measurement in
the control system.

� For alleviating load variations that are caused by changing in-plane in
ow
conditions, such as extreme wind shear, on-blade measurements could po-
tentially of increase load alleviation beyond what is possible with load
measurements.

Thus, the primary bene�ts of applying load variation alleviating control based
on in
ow measurements are associated with collective pitch control based on
preview measurements of the in
ow. A similar conclusion is reached in [38]. The
conclusion is further supported by the uncertainties relating to measurements
from a spinner mounted LiDAR sensor, which are discussed in the following
section.
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Figure 3.8: Results of load variation minimization by individual pitch control of a
sti� version of the NREL 5 MW reference turbine at above rated wind speed (15
m/s and power law vertical wind shear). From the top and down: mean steady state
power output, steady state standard deviation of the blade root out-of-plane bending
moment, and steady state standard deviation of the tower bottom fore-aft bending
moment. All results have been normalized with the results of a simulation with a
standard collective pitch controller applied. Results obtained with a simple cyclic
pitch controller are shown for comparison ( � � � ). See Appendix G for details.
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Figure 3.9: The optimized steady state pitch signals for a sti� version of the NREL
5 MW reference turbine. Blue: collective pitch control, green: simple cyclic pitch
control, red: 2 optimized pitch angles, magenta: 4 optimized pitch angles, cyan: 8
optimized pitch angles, and black: 16 optimized pitch angles. See Appendix G for
details.
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Chapter 4

Discussion

In the introduction, potential bene�ts of applying in
ow measurement based
control were suggested. Each of the suggested bene�ts are now discussed on
basis of the results that have been presented in this thesis.

4.1 The Potential of Improving the Supervisory
Control System

It was suggested to apply upstream in
ow measurements to ensure that the
turbine is producing power as soon as possible when the wind speed increases
from below to above the cut-in wind speed. The typical range of a LiDAR
sensor that is used for wind turbine control is approximately equivalent to the
rotor diameter. Hence, for a 100 m diameter rotor the preview time is 20 s at
a wind speed of 5 m/s. Thus, power production could potentially be initiated
20 s faster than with the conventional sensor if the turbine is equipped with a
LiDAR sensor. However, the bene�ts of initiating the power production 20 s
prior to what is possible with the existing system are small because 20 s is a
very short period of time compared to the time between cut-in and cut-out.

Furthermore, it was suggested that measurements from a LiDAR sensor can
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be used for detecting extreme in
ow changes before they arrive at the turbine.
Hereby, the turbine can be brought to a safe state, and the extreme load vari-
ations that are caused by the in
ow event can be eliminated. If the extreme
loads can be eliminated, the design loads can be lowered and a turbine can
potentially be designed with a lower material consumption. Several results in
the literature have demonstrated the bene�ts of using upstream in
ow measure-
ments for alleviating extreme loads during operation. Thus, there is indeed a
potential for avoiding extreme loads if the extreme event can be detected by a
LiDAR sensor. However, the availability of the measurements from the LiDAR
sensor depends and the environment. Some conditions such as heavy rain, snow,
dry air, etc, might incapacitate the LiDAR sensor. Thus, the potential bene�ts
of using a LiDAR sensor to avoid extreme loads might diminish, because the
design loads can only be lowered if it can be guaranteed that the extreme loads
are eliminated. To completely clarify the potential of using LiDAR sensors to
avoid extreme loads, the performance of LiDAR sensors in various environments
should be thoroughly investigated.

4.2 The Potential of Improving the Closed Loop
Controllers

An often mentioned bene�t of using in
ow measurements in turbine control
systems, in particular LiDAR sensors, is the possibility to increase the power
capture through improved yaw alignment. The results that have been presented
in this thesis show that in non-complex in
ow, the in
ow direction can be pre-
cisely estimated using a spinner mounted LiDAR sensor. However, it is often
neglected that the potential bene�ts of applying LiDAR sensors for yaw control
should be assessed by comparing the abilities of the LiDAR sensor to the perfor-
mance of a well calibrated system. The results that are presented in this thesis
and other studies demonstrate that the yaw error of a well calibrated system
that is based on conventional sensors is small, and comparable in magnitude
to what is expected for a system that is based on a LiDAR sensor. Thus, the
primary bene�t of LiDAR sensors for yaw alignment is as temporarily mounted
sensors for calibration of the existing system. For turbines that are operating in
complex in
ow it is possible that the e�ective yaw direction is not the one that
can be measured by a traditional sensor mounted on the nacelle. The e�ective
yaw direction might rather be some sort of average of the wind directions in
the entire rotor plane. Thus, it is possible that measurements of the 
ow di-
rection across the entire rotor plane could lead to improved performance. Such
measurements could potentially be acquired using a LiDAR sensor. However,
it has been shown that LiDAR measurements from a simple scanning pattern
in complex in
ow are associated with signi�cant uncertainties. Thus, more ad-
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vance scanning techniques and algorithms must be developed to apply LiDAR
measurements for improved yaw control in complex in
ow.

It was suggested that the power capture can be increased by using preview mea-
surements of the in
ow for feed-forward collective pitch control aimed at power
maximization at below rated wind speeds. However, the results presented in
this thesis and results presented by others show that the bene�ts are small,
even in case of rapid wind changes. Thus, the required additional collective
pitch actuation cannot be justi�ed by the bene�ts. In contrast to collective
pitch control, it was shown that the power capture can be increased by intro-
ducing individual pitch for power maximization at below rated wind speeds with
azimuth dependent in
ow. The results showed that the required pitch actua-
tion is in-phase with the in
ow variation. Thus, it might also be possible to
apply individual pitch control based on feed-back from on-turbine sensors and
achieve a power increase that is similar to what can be achieved with preview
measurements in theory. Using feed-back measurements instead of upstream in-

ow measurements has the bene�t of being independent of Taylor's Hypothesis
of frozen turbulence. Therefore, feed-back measurements might lead to better
performance in real applications. Controllers for individual pitch control that
are based on upstream in
ow measurements are expected to be particularly
sensitive to the validity of the assumption of frozen turbulence because the con-
trollers are reacting to smaller scale in
ow phenomena than the collective pitch
controller. Further work could be aimed at assessing the performance di�er-
ence of using upstream and on-turbine measurements for the power maximizing
individual pitch controller.

Results of this thesis and studies by others have shown that feed-forward collec-
tive pitch control based on upstream in
ow measurement from LiDAR sensors
mounted on turbines can e�ectively decrease both the blade and the tower load
variations. Collective pitch control reacts on large scale wind speed changes
that are likely to ful�ll the assumption of frozen turbulence. Therefore, the
bene�ts of preview collective pitch control demonstrated through simulations
are expected to be transferable to real situations, which has also been indicated
in experimental studies by others.

Finally, it was suggested to use preview control for individual pitch control for
load variation alleviation. The results that have been presented in this thesis
and results presented by others indicate that a potential exists for reducing the
load variations by applying preview individual pitch control compared to feed-
back individual pitch control, when frozen turbulence is assumed. However, the
real in
ow to a wind turbine is not frozen, but evolves. The smaller the scale
of the turbulence, the less stationary it is. Individual pitch control is aimed
at turbulence scales that are smaller than the rotor diameter. Therefore, it
is questionable if the in
ow that is measured upstream of the rotor remains
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when the measured wind speed reaches the rotor. To overcome the turbulence
evolution uncertainties, advanced scanning patterns and model based predictors
of the wind speed could be implemented. However, this would complicate the
control system, and the estimation would never be perfect.

In this thesis, the potential of using in
ow measurements for wind turbine con-
trol is assessed under the assumption of 100 % availability of the sensors, which
is a bold assumption. Thus, the results represent best case scenarios. To make
de�nite conclusions on the value of in
ow measurements for wind turbine con-
trol, the measurement availability under di�erent environmental conditions must
be further investigated.

4.3 The Limitations and Uncertainties of In
ow
Measurement Based Control

The greatest potential bene�ts of in
ow measurement based control were demon-
strated for the controllers that exploit preview information, which is available
from upstream measurements, i.e. from a LiDAR sensor. However, LiDAR
measurements are associated with some uncertainties. These uncertainties can
be summarized as:

1. The LiDAR sensor measures wind speeds at a distance upstream of the tur-
bine, and it is assumed that the measured wind speeds travel unchanged
towards the turbine with the mean wind speed (Taylor's hypothesis of
frozen turbulence). Under this assumption, the wind speeds that are mea-
sured upstream reach the turbine with a time delay that is de�ned as:

Td =
L p

V0
; (4.1)

where L p is the distance from the LiDAR sensor measurement pattern to
the rotor, and V0 is free wind speed. If Taylor's hypothesis is not valid,
the measured wind speeds will arrive disturbed and possibly delayed at
the turbine.

2. The LiDAR measurement is a weighted average of the wind speeds in
the focal volume. Thus, the frequency content of the in
ow that can be
resolved using a LiDAR sensor depends on the focal volume.

3. The LiDAR sensor provides an estimate of the wind speed parallel to
the measurement beam at a distance in front of the lens. Assumptions
regarding the in
ow must be made to estimate the axial in
ow speed to
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the turbine from the wind speed that is measured by the LiDAR sensor.
If it is assumed that the 
ow is perpendicular to the rotor, the axial wind
speed can then be estimated as:

~V0(� a) =
VL (� a ; � c; FL )

cos(� c)
; (4.2)

where � a is the azimuth angle of the LiDAR beam, � c is the cone angle of
the LiDAR beam, and FL is the focal length. Thus, if the true in
ow to
the turbine is not perpendicular to the turbine or known, the estimation
will be erroneous.

4. The LiDAR sensor only provides measurements of the upstream wind
speed in conditions where a su�cient amount of airborne particles are
present, e.g. very dry conditions might cause low measurement availability.

5. Atmospheric conditions that limits the visibility might cause low measure-
ment availability.

The �rst of the listed uncertainties is likely to be the most crucial of the un-
certainties. The advantages of the preview controllers will diminish if the wind
speeds that are measured upstream are not coherent with the wind speeds that
reach the turbine. The validity of Taylor's hypothesis for wind turbine ap-
plications is investigated through measurements in [39]. It is shown that the
hypothesis is valid with a 90% accuracy for eddy length scales in the order of
two rotor diameters. In [40], the implications of evolving wind �elds for wind
turbine control based on circular scan upstream LiDAR measurements are in-
vestigated through simulations. It is found that the optimal focal distance is
approximately twice the radius of the circular scan. Thus, it appears that the
upstream measurements are only valid for slow varying large scale e�ects. Even
if Taylor's hypothesis holds, the transport velocity of the measured wind speeds
should be estimated from the measured wind speeds. The measured wind speeds
are expected to be associated with uncertainties that will give rise to uncertain-
ties relating to the estimated transport velocity. If the transport velocity is
not known exactly, the preview time that is speci�ed for the feed-forward con-
troller cannot be achieved. The in
uence of preview time disturbances on an
individual pitch feed-forward controller was investigated in Appendix E. It was
demonstrated that the performance of the controller is sensitive to preview time
disturbances.

The implications of the second and third uncertainty are investigated in [41]
and in Appendix A. In [41], simulations are used to establish optimal preview
distances and cone angles for minimizing the error of the LiDAR measurement.
It is shown that cone angles larger than 45 deg should be avoided, and that
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for a circular scan with a radius of 75% of the rotor radius of the NREL 5MW
reference turbine, the optimal focal distance is approximately 100 meters. The
implications of the third uncertainty are also discussed in Appendix A, and it
is argued that it is not possible to distinguish between horizontal wind shear
and yaw error, and up-
ow or down-
ow and vertical wind shear when using
measurement from a spinner mounted LiDAR. A solution to uncertainty number
3 is suggested in [42] where a more complicated scanning approach is suggested.
This approach, however, have not been tested experimentally.

The fourth and �fth uncertainty have not been discussed much in recent litera-
ture. However, an implication of these uncertainties is that a LiDAR sensor sys-
tem cannot be the primary system for estimating the in
ow direction. Rather,
it can serve as an additional system for improving the performance in situations
where the conditions allow for reliable LiDAR measurements.

The in
ow could also be estimated using other types of sensors, e.g. blade
mounted pitot types [3, 43] and spinner anemometer [4]. Using in
ow measure-
ments from blade mounted pitot tubes, the uncertainty of the evolving turbu-
lence is eliminated while maintaining spatially distributed in
ow measurements
because the 
ow is measured at the rotating blade. However, no preview is
available using pitot tubes. The measurement availability of a pitot tube is not
as sensitive to the atmospheric conditions as the LiDAR sensor because it does
not rely on optical measurements. However, the holes of the pitot tube may
get clocked by dust or ice, and hereby be incapable of providing measurements.
Pitot tubes, however, are widely used for a variety of tasks and de-clocking
systems have successfully been applied.

A spinner anemometer also provides measurements of the in
ow, and is not
sensitive to turbulence evolution. However, a spinner anemometer only provides
a point measurement of the wind speed and direction Therefore it is mainly
useful for yaw alignment, and collective pitch control.
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Conclusions

In this thesis, the potential bene�ts of in
ow measurement based control for
increased power production and load variation alleviation have been assessed.
The assessment has been based on results that are documented in the existing
literature, and on the results that were produced during the thesis work.

The results have shown that poor yaw alignment is not uncommon for operating
turbines. Hence, there is a potential for increasing the power capture by im-
proving the yaw alignment. It has been shown that the in
ow direction can be
accurately estimated using in
ow measurements, and that improved yaw align-
ment is achievable through in
ow measurements. However, it has also been
demonstrated that the yaw alignment can be considerably improved through
calibration of the existing system. Thus, it is concluded that, for the studied
turbines the primary bene�t of in
ow measurements for improved yaw alignment
is as temporarily mounted instruments for calibration of the existing system. It
should be noted that the presented results relate to turbines that are operating
in non-complex in
ow.

Through numerical optimization, it has been demonstrated that the potential
of increasing the power capture through collective feed-forward pitch control is
limited. In contrast, it has been demonstrated that the power output can be
increased by applying individual pitch control for power maximization in situa-
tions with azimuth dependent in
ow. The results demonstrated that the power
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output of a turbine that is operating in an idealized half-wake can be increased
through independent pitch control compared to collective pitch control.

It has been shown that the blade load variations that are caused by a vertical
wind shear can be alleviated by introducing a yaw misalignment angle that
depends on the wind speed and the shape of the wind shear. The results have
shown that the blade load variations can be alleviated without increasing the
yaw actuation rate, but are penalized by increased tower load variations.

The potentials of load variation alleviation through both in
ow measurement
based collective and individual pitch control have been assessed. Optimization
results have shown that there are signi�cant bene�ts of applying upstream mea-
surements for load alleviating collective pitch control.

For in
ow measurement based individual pitch control, simulation results have
shown that preview individual pitch control can lead to decreased load varia-
tions compared to a control scheme without preview. However, the bene�ts of
applying preview individual pitch control have been shown to be very sensitive
to uncertainties relating the estimated in
ow.

In summary, it is concluded that, for the studied turbines, in
ow measurement
based wind turbine pitch and yaw control can lead to the following bene�ts:

� Increased power capture through elimination of static yaw error at below
rated wind speeds

� Increased power capture through individual pitch control at below rated
wind speeds

� Decreased load variations through intentional yaw misalignment at above
rated wind speeds

� Decreased load variations through preview collective pitch control
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Ongoing and Future Work

The results that have been presented in this thesis have highlighted some of
the uncertainties that are associated with in
ow measurement based wind tur-
bine control. These uncertainties should be further investigated before in
ow
measurements can be integrated at a commercial stage in wind turbine con-
trol systems. A major issue that could be investigated in further studies is
the reliability and availability of in
ow measurements in di�erent environments.
Furthermore, more advanced scanning patterns and in
ow estimation methods
should be developed for the LiDAR sensor to eliminate the uncertainties relat-
ing to the turbulence evolution and the estimation of the axial velocity from the
projected velocity. Also, control methods based on other types of in
ow sensors
such as pitot tubes and blade mounted LiDARs etc. should be further devel-
oped. Finally, the identi�ed potential bene�ts of applying in
ow measurement
based control should be con�rmed by experiments with active control applied
to an operating turbine.

Ongoing research is focused on carrying out �eld test with a LiDAR sensor
mounted in the spinner of the CART3 research turbine at NREL, Colorado USA.
Tests will be carried out with LiDAR measurements as input to both a collective
and an individual pitch controller, and for wind shear and yaw error estimation.
Furthermore, research continuous relating to better in
ow estimation and more
advanced LiDAR scanning patterns.
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