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Synopsis:

As wind turbines get larger, with rotor diameters
above 100 m, the blades will sweep a large wind
field, containing different wind phenomenas such
as, wakes, wind shear and tower shadow; apply-
ing a big structural load upon the wind turbine.
In this thesis, a lifted repetitive controller is de-
veloped which reduces the structural loads by the
use of individual pitching. For this purpose a dy-
namic model of a wind turbine has been devel-
oped. The model contains an aerodynamic mo-
del, mechanical model, a structural model and a
model of the pitch system. The model has been
linearized and validated in accordance with sim-
ulation code FAST.

From the model a lifted repetitive controller was
design, by making a lifted system description
where made, and from this a reduced output-
feedback formulation was found, making it possi-
ble to use LQR design to calculate the controller
gain.

In an acceptance test, the lifted repetitive con-
troller was compared to the controller from
FAST which was implemented in MATLAB. The
results from this were, that the controller de-
signed did not pass, even though the deflection
of tower and blades were reduced. It is assumed
that it is caused by a mismatch between the mo-
del and the implementation in MATLAB.
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Efterhanden som windmgller bliver stgrre, med
rotordiametre over 100 m, vil vingerne daekke et
stgrre vindfelt som indeholder en rackke forskel-
lige vindfsenomener, sasom wakes, vindforskyd-
ning, tarnskygge, hvilket vil pafgre store struk-
turelle laster pa vindmgllen.

I denne these er en lgftet repetitive regulator ud-
viklet, som reducere de strukturelle laster ved
brug af individuel pitching. Til dette formal
er en dynamisk model af en vindmglle udledt.
Modellen indeholder en aerodynamiskmodel,
mekaniskmodel, en strukturelmodel og en model
af pitchingsystemet. Modellen er blevet linearis-
eret og valideret i forhold til simulerings koden
FAST.

Fra modellen er en lgftet repetitive regulator
blevet udviklet, ved at lave en lgftet system
beskrivelse, og herfra blev en reduceret output-
feedback formulering fundet, hvilken lagde grun-
den til LQR designet af regulatoren.

I en accepttest blev den lgftede repetitive regu-
lator samlignet med regulatoren fra FAST som
var implementeret i MATLAB. Resultatet herfra
var at accepttesten ikke blev godkendt, selvom
bgjningen af tarn og vinger blev reduceret. Det
formodes at dette skyldes en forskel mellem im-
plementeringen i MATLAB og modellen.

Rapportens indhold er frit tilgengeligt, men offentliggorelse (med kildeangivelse) ma kun ske efter af-

tale med forfatterne.
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Nomenclature

The nomenclature includes expressions, abbreviations and variables used throughout the
report. Further details on the terms are provided in the respective chapters and sections.

Abbreviations
Name Description
LSS Low speed shaft
HSS High speed shaft
RC Repetitive control
ILC Tterative learning control
LQR Linear-quadratic regulator
Variables
Symbol Value Description
Q@ rad Angle of attack
Qs Wind shear coefficient
Bi rad Pitch angle of i** blade
Brefi rad Pitch angle reference of i*" blade
Biwist rad Pre-pitch of the blade
Bpre,root rad Pre-pitch of linearized root element
Bpre,tip rad Pre-pitch of linearized tip element
na Efficiency of the generator
W Wake center vector
7 RC average filter
) rad a+ g
oM Relative wind speed frequency distribution
by Covariance determining width of Gaussian Wake
©; rad Azimuth angle of the i*" blade
Owe rad Angle to center of the wake
p g/m? Air density
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Symbol Value Description

el Nm Loading torque from generator

TG ref Nm Loading torque reference from generator

THS Nm Torque acting on high speed shaft

TLS Nm Torque acting on low speed shaft

TR,i Nm Rotational torque on the i** blade element

TR, Tot Nm Rotational torque on the rotor

TR,root Nm Rotational torque on the rotor from blade root
TR, tip Nm Rotational torque on the rotor from blade tip
Ttime,G S Time constant for the generator

Ttime,P S Time constant for the pitch system

Tyaw,L Nm Yaw torque from left rotor half plane

Tyaw,R Nm Yaw torque from right rotor half plane
Tyaw,root Nm Yaw torque from blade root

Tyaw,tip Nm Yaw torque from blade tip

Tyaw Nm Yaw torque

Tyaw,z,i Nm Yaw torque around the z-axis from the i*™® blade
O rad Angle of blade bending

Or rad Angle of low speed shaft

e rad Angle of high speed shaft

05 rad Torsion angle of drive train

O rad/sec Angular velocity of the generator

Or rad/sec Angular velocity of the rotor

aF root Fitting factor for thrust force on root of blade
aF tip Fitting factor for thrust force on tip of blade
Qr root Fitting factor for rotor torque on root of blade
ar tip Fitting factor for rotor torque on tip of blade
A’ Output-feedback formulation system matrix

A Weibull scaling factor

Ar Linearized system matrix

Aroot m? Area of linearized root element

Asip m? Linearizedea of linearized tip element

B’ Output-feedback formulation input matrix

B Number of blades

By N/(m/s) Blade spring component of mass-spring-damper system
By N/(m/s) Tower spring component of mass-spring-damper system
Br Nm/(rad/s) Viscous friction of low speed shaft

Bg Nm/(rad/s) Viscous friction of high speed shaft

Bpr Nm/(rad/s) Torsion damp coefficient of drive train

By, Linearized input matrix

c m Airfoil chord length

Chl1 m Linearized chord length

Ch12 m Linearized chord length

C’ Output-feedback formulation output matrix
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Symbol Value Description

Cb Drag coefficient

Cy, Lift coefficient

CL Linearized output matrix

dr m Width of blade element

2 Output-feedback formulation feedforward matrix

Dy, Linearized feedforward matrix

ej RC error vector

fi RC feedforward signal vector

F Lifted system matrix

Fp N Drag force

Fi, N Lift force

Fr N Rotational force

FR root N Rotational force acting on blade root

FR tip N Rotational force acting on blade tip

Fr N Thrust force

Fr 1ot N Thrust force acting on blade root

Frtip N Thrust force acting on blade tip

Fr blade,i N Thrust force acting on the i blade

Fiipi N Thrust force acting on the it® blade tip

Ftiw N Thrust force acting on the tower from the it? blade tip
Froot,i N Thrust force acting on the it? blade root

Gp Lifted pitch input matrix

Gw Lifted wind input matrix

H Lifted output matrix

Hy m Hub height above ground

J LQR cost function

J Lifted feedforward matrix

Ja kgm? Moment of inertia of the high speed shaft and generator
JRr kgm? Moment of inertia of the low speed shaft and rotor

k Weibull form factor

Kpr Nm/rad Torsion stiffness of drive train

Ky N/m Blade spring component of mass-spring-damper system
K N/m Tower spring component of mass-spring-damper system
L RC learning filter

l Outputs from the system

Lroot m Length of blade root

lip m Length of blade tip

m Number of inputs to the system

My, kg Blade mass component of mass-spring-damper system
M; kg Tower mass component of mass-spring-damper system
Mout RC output filter

n Number of states in the system

N Number of elements in the blade element theory
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Symbol Value Description

N Period length i repetitive control

Ng Gear ratio of the drive train

P Controllability gramian

Q LQR state weighting matrix

Q Observability gramian

Q RC robustness filter

r m Distance to the hub center

T m Distance from rotor axis to the i*! element
Tt m Tower radius

Ttip,i m Real distance to the it® tip element

Twe m Distance between the rotor center and wake center
T wake m Radius of the wake

Tw m Distance to widest element of blade

TH m Distance to hinge place on blade

Troot m Distance to linearized root element

Ttip m Distance to linearized tip element

R LQR input weighting matrix

R m Length of rotor blade

S're Output-feedback formulation system

Tred Reduction transformation matrix

Ulin Linear input vector

Unon Nonlinear input vector

Vyy m/s Weibull wind speed

V m/s Free stream wind velocity

1%3 m/s Full wind field

Vi m/s Wind speed at hub height

%Y m/s Wind field from mean wind

Vs m/s Wind field from wind shear

Vr m/s Tower shadow wind field

VA m/s Wake wind field

Viel m/s Relative wind velocity

Voot m/s Wind speed in linearized root element
Viip m/s Wind speed in linearized tip element

w RC output weighting matrix

Wg Wind speed disturbance in wind shear expression
x State vector

X’ Output-feedback formulation state vector
TN Lifted state vector

T m Deflection of the i*® blade

T m Deflection of the tower

Tm m Distance from the tower midline to the rotor blade
Y RC measured output vector

Z; RC output vector




Chapter 1

Introduction

In the last decades, there has been a lot of focus on changing the source of energy from
a basis of coal and fossil fuels to a greener and independent energy source. There exist
a lot of alternative solutions to meet this desire, one of the more mature solutions is the
wind turbine. As it can be seen in Figure 1.1, the wind turbine technology has been a
subject for a huge development and is today a strong competitor in creating sustainable
power.

250,000 [MW]

200,000

150,000
100,000
50,000 I I

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
6,100 7600 10,200 13,600 17400 23900 31,100 39431 47620 59,091 74,052 93,820 120,291 158,864 197637 237669

Figure 1.1: Global cumulative installed wind capacity 1996-2011 [11, p. 15]

As the development of the wind turbine continues, the size of the wind turbines have
increased, as illustrated in Figure 1.2. Increasing the size of the turbines induces a larger
amount of power, torque and stress on the wind turbine.

Placing several wind turbines together in wind farms, has advantage that they can share
infrastructure. A downside of the wind farms, is the wind turbines in front can create a
turbulent wake for the wind turbines behind. If a turbulent wind hits a wind turbine it
can cause an unbalanced structural load, which can with time damage the structure of
the wind turbine.
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Figure 1.2: Increase in size of wind turbines in recent years [7, p. 51]

Figure 1.3 shows how a wind field can change over the range of the rotor of the wind
turbine.

Medium wind

Figure 1.3: Wind turbine in an inhomogen wind field

As the blades rotate in an inhomogeneous wind field, the blades will experience a vari-
ation in the wind speed and thereby a variation in rotor torque, yaw torque and thrust
force. Variations in the torque from the rotor can cause an unbalanced load on the shaft
and tower of the wind turbine. The result of this is more stress on the structural parts
of the wind turbine.

A way to reduce the unbalanced load is to use pitch actuators to pitch the single blade
out of the wind, when it experience a high load. This reduces the load from the blade




1.1 Simulations using the FAST code

in the high wind area and thereby reduces the structure load which implies, that the
wind turbine can last for a longer time, or costs of the production can be lowered [26, p.
50]. However, the use of pitch actuators can not be exaggerated as they will wear out
to faster.

To reduce the wear of the pitch actuator, a controller, taking this into consideration, is
to be designed. Furthermore, this controller can use information from the measurements
of the previous blade, which has just passed this area of the wind field, making use of
the repetitive information available.

1.1 Simulations using the FAST code

Since a real wind turbine is not available for physical tests in this project, the FAST
code is used for simulating a wind turbine [23]. The FAST code is capable of modeling
two and three bladed horizontal-axis wind turbines, and the loads affecting it [15]. In
this project, both the Simulink in MATLAB and command prompt will be used to run
the FAST code, which enables the implementation of advanced controls.

In this project, FAST is used for model validation, parameter extraction and lastly to
test the final controller developed. All FAST codes used for testing is attached to the
report on a DVD, and references are made to this where used.

In Appendix A, the different FAST files and the procedure to run FAST is described.

The FAST code can though only be used for wind fields without wakes; therefore, it can
only be used for test of controller in homogen wind fields.

1.2 Previous work

In recent decades, a lot of papers have been published concerning the modeling and
control of wind turbines. At Aalborg University several projects have been carried out
as well. Particularly, one of them is of interest for this project, as this group have been
working on the same problem:

o Repetitive Individual Pitch Model Predictive Control for Horizontal Axis Wind
Turbine (2010) [10]
Part of the FAST simulator was implemented in MATLAB. A repetitive MPC
controller was developed and tested

It is this previous project this project is based on, mainly concerning the modeling of
the wind turbine.
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1.3 Project outline

To get an overview of the structure in this project report, an outline of the report will
now be given.

Firstly, the requirements for the controller, the problem statement, and the project
delimitation are determined in Chapter 2.

In Chapter 3 to 9, a nonlinear model of the wind turbine is described. The parameters for
the nonlinear model is estimated in Chapter 10, and the model is combined in Chapter
11. In order to use the linear controller designs a linear model is required, this is derived
in Chapter 12. In Chapter 13, a validation of both the nonlinear and linear model is
performed, against the FAST code to see how accurate the nonlinear and linear models
are.

The controller will be designed, corresponding to the requirements for the system, in
Chapters 14 to 16, and in Chapter 17 the implementation in MATLAB is described.
Furthermore, in Chapter 18 the controller is compared to the controller from the FAST
code to see if the requirements for the project are meet.

Finally, Chapter 19 and 20 comprise the conclusions and discussions of the project.




Chapter 2

Requirements

To investigate, if it is possible to make a controller to individually control the pitch
actuators with focus on minimizing the yaw load on the wind turbine, minimizing the
pitch actuation and without lowering the power output, the overall requirements of the
project must be specified.

In this project, a controller will be made, which have the following requirement, in
prioritized order:

e Lower structural load with main focus on yaw torque
e Less pitch actuation
e Similar power output

compared to the WindPACT 1,5 wind turbine in FAST, which is a 1,5 MW 3-bladed
upwind baseline turbine [15, p. 121], described in Appendix B.

In brief, the problem statement for this project will be:

Can a controller, using individual pitch control, be developed, to reduce the yaw
torque under the presence of wake, which is better than the one for the Baseline
wind turbine in the FAST code?

Final and more specific requirements for the controller will be outlined later when the
model has been made, and the controller structure is determined in Chapter 14.



Requirements

2.1 Delimitation
In order to limit the size of the project, some delimitation has been made:

e Yaw freedom has been disabled, as this simplify the equations. Thereby, the wind
field is always placed orthogonal on the rotor field

e Wind speed is set to have a basis of 15 m/s. This is above the rated wind speed
for the wind turbine, which means the primary function of the controller is to limit
the structurally load and keep the rotational velocity

10



Part 1

Modeling






Chapter 3

Model introduction

As described earlier, it is desired to make a controller and simulations based on a model
of a wind turbine. The model, which will be developed, must describe the significant
behavior of the wind turbine to make sure that the controller is developed on an ap-
propriate base. As this project is a sequel of the project [10], the model is made with
inspirations from this.

The model can be divided into minor submodels, as illustrated in Figure 3.1.

Structural
model

A
FrT  {XbXt

X Tr - Bc
Wind Ve | Aero- Mechanical

model | dynamics |«— model
B“ Or Ta

Pitch
model

Bref T

Figure 3.1: Block diagram of overall model structure

Y

Y

Generator |Power
—>
model

TG,refT

A
A

In the figure, the inputs and outputs from the different submodels can be seen. And the
general structure of the entire model is also shown.



Model introduction

3.1 Model structure

To get insight into the model structure, the submodels will now shortly be described
including the inputs and outputs of the different parts.

Wind model

The first part of the overall structure is the wind model, this submodel is not a part of
the actual wind turbine, but it generates an input to the wind turbine, being the wind
field V.

The wind model is based on some basic wind phenomena; wakes, which occurs in the
shadow of obstacles in front of the wind turbine, wind shear, which describes the variation
in wind in correlation with the height, and tower shadow. The wind model will be
described in Chapter 4.

Aerodynamic model

The wind field from the wind model is in the aerodynamic model converted into forces
acting on the blades. The aerodynamic model is based on blade element theory, which
makes it possible to calculate a rotational torque delivered to the drive train 7g and a
thrust force Fr affecting the blade and thereby the tower. These forces are calculated
on basis of the pitch angle of the blades 8, which is one of the control inputs that can
be made on the wind turbine, the deflection of the blades zy,, and the angular velocity
of the rotor fg. The aerodynamic model is presented in Chapter 5.

Structural model

When the wind hits the wind turbine, the wind will induce some forces on the tower
and blades forcing them to bend. The deflections, of the tower and blades are modeled
using the hinge principle, where a hinge is introduced to model the deflection according
to the forces applied, the properties of the tower and blades is then calculated using a
mass-spring-damper system.

In addition, the deflection of the blades and tower, z, and x¢, is used in the aerodynamic
model to find the forces affecting the blades. In Chapter 6, the full model of the structural
elements is presented.

Mechanical model

The mechanical model converts the rotational torque, 7g, generated by the aerodynamics
into electrical power using the generator. The mechanical part of the wind turbine
consists of a gear, which converts the angular velocity of low speed shaft to a higher

14



3.1 Model structure

velocity of the high speed shaft, which drives the generator. The total mechanical
system is described in Chapter 7.

Pitch system model

A way to control the wind turbine is by pitching the blades with the angle 5. A model
of the pitch system is made as a first order model, which describes the pitch angle (3,
from the reference B.or. The pitch system is described in Chapter 8.

Generator model

Beside pitching the blades, the wind turbine can be controlled by changing the torque
of the generator. The generator is controlled from a torque reference 7q ref, which leads
to the actual torque 7¢. The generator model is, as for the pitch system, modeled as a
first order system.

The overall structure and the submodels have been described, and the actual modeling of
the system can begin. This will be presented in further details in the following chapters,
beginning with the wind model. Subsequently, extraction of some of the parameters will
be done from FAST. Firstly, the coordinate systems used in modeling the wind turbine
will be determined.

15



Model introduction

3.2 Coordinate systems

In the modeling process, it is necessary to have defined a coordinate system. In Figure
3.2, both a polar and a cartesian coordinate system are defined.

(a) Polar coordinate system (b) Cartesian coordinate system

Figure 3.2: Defined coordinate systems

In the polar coordinate system from Figure 3.2a, the coordinate system is the rotor plane
and has its center in the hub, from here the length r and the angle 0 is defined according
to the vertical line up from the hub.

The cartesian coordinate system also has its origin in the hub, and have the axis places
as shown in the figure.

16



Chapter 4

Wind model

A wind model will now be developed. This is used to calculate how the wind behaves.
It is complicated to model a wind field as it dependents on a lot of factors such as, time
of year, time of day, weather, shape of landscape, and geographical placement, making
it hard to validate the model. The wind model is used as an input for the aerodynamic
model described in Chapter 5.

The wind field is modeled as a sum of different components, as shown in equation 4.1.

VF(T, eRa t) = VM(t) + VS(Ta 0R7 t) + VT(Tv eRa t) + VW(T7 9R7 t)? (41)

where V1 is the mean wind, Vg the wind shear, V1 is the effect of the tower shadow,
and Viyy is the wakes from other wind turbines standing in front of the current turbine.
The different parts of the wind field will now be described.

4.1 Mean wind

The mean wind is the average wind speed at the moment. It changes depending on
time of the season, the weather and the geographical placement. Even though there is
a dependence on the surroundings, it has been shown that a Weibull distribution can
model the mean wind well [4, p. 14]. A Weibull distribution is illustrated in Figure 4.1,
where it can be seen from the graph denoted d¢/dv, that the most frequent wind speed
is about 6 m/s.



Wind model
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Figure 4.1: Example of a Weibull distribution showing the mean wind on the island of Sylt
[12, p. 461]

The formula used to make this Weibull equation is 4.2, as shown in Figure 4.1:

dralon) = 5 () e’ (42)

where vy, is the wind speed, A is a scaling factor and k is a form factor.

Now a function has been found making it possible to make a realistic base of the mean
wind speed in the wind model.

18



4.2 Wind shear

4.2 Wind shear

Generally the wind speed increases as a function of the height above the ground. This
phenomenon is called wind shear, and an illustration is shown in Figure 4.2.

Height [m]

_—

Wind speed [m/s]

Figure 4.2: Wind shear effect

Wind shear can be modeled with the formula shown in equation 4.3 [6, p. 2].

Vs(z) = Vi (i)aws (4.3)

where Vg(z) is the wind shear wind speed, z is elevation above ground, Hy is the hub
height above the ground, Vi is the wind speed at hub height, and s is the wind shear
coefficient.

To analysis the effect of the wind field on a wind turbine, it is convenient to use a polar
coordinate system. The transformation of equation 4.3 can be seen in equation 4.4.

Vs(r,0r) = Vau(t) (W)aws (4.4)
= Vu(t) (1 + Ws(r,0r)) (4.5)

where Wy(r,0gr) is a wind speed disturbance, seen from the hub height Hy, and V()
the mean wind found in Section 4.1. Wg can be approximated with a third order Taylor
series. This is done in [6, p. 2], and the result is shown in 4.6.

Ws(r.05) ~ cins <HO> cos(B) + Qe =1 (HO>2 cost(0r)  (46)
f e e =) (1Y
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Three terms is necessary to get the effect of a wind shear. A second order Taylor series
will only add wind shear as a constant to the mean wind.

The wind shear coefficients has been investigated by experiment in [27] and there is not
at clear value for the wind shear coefficient, so a mean of 0,194 and variance of 0,137
has been picked based on the measurement from these experiments.

4.3 Tower shadow

In an upwind wind turbine, the wind first hits the rotor and afterward the tower, placed
behind the rotor. This creates a decrease in wind which is called tower shadow, as
illustrated in Figure 4.3

Il ™
N/

L]

Figure 4.3: Principle of the wind field around the tower

The effect of the tower shadow is less for upwind wind turbines compared to a downwind
turbine, but it still has to be considered in the wind model. The tower shadow effect
can be modeled as in formula 4.7 [6, p. 3].

2

m (4.7)

(7‘2sin2(93) + x?n)Q

Qs (s — 1)72)
SH?

r2sin?(0g) —
VT(T’ QR) = mtTtQ ( R)

my =1+

(4.8)

where 1 is the tower radius, r is distance to hub center, fr is the azimuthal angle and
ZTm is the distance from the tower midline to the rotor blade. Equation 4.8 take the
increasing mean wind from the shear effect into account, where oy is the wind shear
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coefficient from Section 4.2 and Hj is the height of the rotor hub.

A graph has been made of the tower shadow equations with different r to see how the
effect from the tower shadow varies along the blade, this is shown in Figure 4.3.

Change in wind speed [m/s]

— =10

—_—r=20

-0.25

r=30]]

22 24 26 28 3 32 34 36 38 4
Azimuth angle [rad]

Figure 4.4: Effect of a tower shadow with different distances from the hub

It should be noted that the equations is only valid in the lower half plane, that is
5 <0r < 37” as the tower shadow in the upper half plane should is absent.

4.4 Wakes

As the wind turbine extracts energy from the wind, a wind field behind the wind turbine
has decreased speed and increased turbulence. This is called a wake, and if the wake
hits another wind turbine, this turbine will meet an irregular load on the full or part of
the rotor plane. A wake typically has two states, it can be a near- or a far-wake. In this
report, only far-wakes will be considered, because a certain distance between the wind
turbines can be assumed. Two wake models has been derived a simple one and a more
realistic model.

Simple wake model

A wake can be modeled as a circular part of the rotor plane, in which the wind speed
is decreased, and the turbulence increased. An illustration of a wake in a rotor plane is
shown in Figure 4.5.
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Wind field at rotor plane

-

~

-

—————

Figure 4.5: Wake in the wind field

The wake as shown in the figure can be described as equation 4.9 [10].

VWw = f(ryake) if 72412 — 2.7 ryccos(fr — ) — rgvake <0
Vaww =0 else
where

r is the distance to a point in the wind field

Or is the azimuth angle

Owe is the angle to center of the wake

Twe is the distance between the rotor center and wake center

T wake is the radius of the wake

f(rwake) defines the wind behavior inside the wake

(4.9)

When a part of the wind field meets equation 4.9 some turbulence will be introduced

and the wind speed will be decreased.

Wake with Gaussian distribution

In a real wake, the wind decreases as a Gaussian function, that is the wind speed is

smallest in the center of the wake and increasing to the edge of the wake [17].
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4.4 Wakes

To create a more realistic model of a wake, the probability density function for a multi-
variate Gaussian distribution has been used to describe the intensity of the wake.

The probability density function of the multivariate Gaussian distribution is shown in
equation 4.10. p is a vector defining the center of the wake. 3 is the covariance, which
determine the wide of the wake. k is the dimension of the distribution. Furthermore, a
constant has to be multiplied to the probability density function in order to get a proper
amplitude and direction of the wake.

f(z) = (2m) 73 [5]05e 08 mTE ) (4.10)

x is the input # = [Radius Angle]" in reference to the center of the rotor plane.
Y has been estimated to [800 800 |, and k to 2. The probability density function is multiplied
by -1000 in order to get the amplitude of the wake center to be around -1,9 m/s and the

wind speed to be decreasing in the wake. In Figure 4.6, the Gaussian wake is illustrated.

Windspeed [m/s]

) 50
Height [m] 40 Lateral [m]

Figure 4.6: The Gaussian wake

Wake meandering

A wake behind a wind turbine is not moving in a linear manner, instead it is twisting
both laterally and vertically as shown in Figure 4.7. The twisting behavior is called wake
meandering [17].
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Figure 4.7: Wake meandering principal sketch [9]

Wake meandering is caused by turbulence in the air stream making the wake to move.
When including a wake in the modeling it will be moving in a stochastic manner lateral
and vertical, with a speed approximately the same as the wind speed in hub height.
Though the movement of an actual wake is more complex, this is assumed to be appro-
priate for this wind model.

No test or validation data is available for the wake behavior, so the turbulent terms has
been estimated by Gaussian noise with mean 0. The variance for the separate parts are:
0,01 for the distance to wake, 0,01 for the angle to the wake center, 0,01 for the radius
for wake and 0,1 for the turbulent in the wake area.

4.5 Turbulence

Beside the stochastic elements, which have been added to the different parts of the wind
model, some turbulence should be added. The overall turbulence is added to the whole
wind field by a Gaussian noise with mean value 0 and variance 0,01. No literature have
been found which determines the actual behavior of the turbulence, so for this wind
model this has been found to be suitable.
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4.6 Combined wind field

4.6 Combined wind field

A wind model has been made in MATLAB and a surface plot is shown in Figure 4.8, the
MATLAB code is included in folder [’Wind model’].
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Height [m] 20 14.6

30

Lateral [m]

Figure 4.8: Plot of windfield with all elements included

In the plot, the tower shadow is shown in the lower part of the wind field, and a wake
is generated to the left of the center. Further more is some turbulence present, which is
also shown.

A wind model has now been designed for testing the wind turbine model, the wind model
will not be validated as there is no data to compare the model with. In the control of
the wind turbine, it can be preferred to ignore some parts of the wind field, this will be
possible by removing single parts when the full wind field is summarized.

The modeling of the wind turbine will commence with the aerodynamic model.
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Chapter 5

Aerodynamic model

In this chapter, it will be described how the incoming wind field will affect the blade
aerodynamics, and induce a rotational torque for the drive train, which will be described
in Chapter 7. Furthermore, the forces into the wind turbine will be used to compute the
deflecting of the tower and the blades, described in Chapter 6. The inputs and outputs
of the aerodynamic model can be seen in Figure 5.1.

F Xb,
TT let T
\' Aero- [—>
—> .
dynamics le——
Or
pf

Figure 5.1: Block diagram showing the aerodynamic model inputs and outputs in the overall
model structure

The forces induced by the wind will be found using the blade element theory which is
described in the following section and afterwards it will be described how the wind and
the acting forces on the blade causes the blade to bend.



Aerodynamic model

5.1 Blade element theory

In this section, it is described how the forces generated by the wind is determined using
the blade element theory. This theory is among others described in [20]. In this method,
the blade is divided into IV elements, and the forces affecting those elements is examined.

Firstly the blade is divided into minor elements of length dr as shown in Figure 5.2,
where a part of the blade is divided into smaller elements.

C

Figure 5.2: Division of the blade

The chord is the dotted line from end to tip of the blade, the length of this is denoted
by c¢. The wind affecting the blade is V¢, with the angle of attack a being the angle
that the flow makes with the chord.

The relative wind velocity Ve is the composition from the actual wind flow V' and the
air flow that appears from the rotation of the blade g7, where 0, is the angular velocity
of the rotor, and r is the distance from the center of the rotor to the blade element. The
calculation of V¢ is shown in equation 5.1.

V2 = V2 + (6rr)? (5.1)
When the relative wind hits the blade two perpendicular forces are generated. The lift
force F1, and the drag force Fp. These are illustrated in Figure 5.3, shown from a blade
element viewed from the end, with the different wind flows illustrated as well.

The drag force is moving in the same direction as the air flow, and the lift force is
perpendicular to these. The two forces for an element of width dr and length ¢ can be
calculated as shown in equations 5.2 and 5.3 [20, p. 120].

R = %VleL(a)dr (5.2)

T

Fp = %erlCD(a)dr (5.3)
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b 2

—_—

Brer

Direction of blade movement

Figure 5.3: The lift and drag forces affecting the blade

Besides the dimension parameters the forces depends of air density p and the lift and
drag coefficients, C1, and Cp. These coefficients varies depending on the shape of the
airfoil and the angle of attack.

When the blade is pitched the lift and drag forces will not be respectively parallel and
perpendicular to the rotational plane; therefore, they can be resolved into an tangential
and axial component, Fg and Fr, as shown in Figure 5.4.

Plane of rotation

Direction of blade movement

Figure 5.4: The rotational and thrust forces affecting the blade

It can be seen that the blade is pitched with an angle of £, compared to the plane of
rotation, and furthermore the two forces Fg, which make the rotor rotate, and Frr, which
is making a thrust at the structure, is shown. The forces are combined from Fi, and Fp
as shown in equations 5.4 and 5.6.

Fr = Fisin(¢) — Fpcos(¢) (5.4)
= 2 V2idr(Cr(@)sin(6) - Cp(a)eos(9)) (5.5)
Fr = Ficos(¢) + Fpsin(¢) (5.6)
= £ Vdr(Cu@)cos(s) + Cp(a)sin(4)) (5.7)
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where ¢ = o + 8, which can be calculated as

6 = tan’! (V) (5.8)

& o =tan™ <9> — (B + Bewist) (5.9)

RT

where Siwist is the pre-pitching of the blade, which varies according to the position on
the blade, r.

As it were seen from Figure 5.4, and the equations 5.4 and 5.6, both the lift and drag
force contributes to the thrust force Frp. Whereas, only the lift force contributes to the
rotational torque, and the drag force opposes it. It is therefore desirable for the ratio
between the lift and drag coefficient, %, to be as high as possible to get a high efficiency.
An example is shown in Figure 5.5.

1.5¢
1r ‘ CL
0.5 Cho
o
—-0.5 I I I I
0 20 40 60 80
a (%)

Figure 5.5: Typical drift and drag coefficients of an airfoil [2, p. 18]

The ratio increases as the angle of attack gets larger, but when the blade begins to stall,
this makes an sudden drop in the ratio, which causes a significant drop in the rotational
force. In the figure, it occurs around oo = 13° .

Stalling is when the airflow on the upper side of the blade is no more laminar and sepa-
rates from the blade, this causes a wake to form above the blade.

The forces affecting a blade induces a torque of the rotor, g, this torque from the
single element ¢, of the blade can be expressed as in equation 5.10.
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5.1 Blade element theory

TR, = FR,i -7y (5.10)

Where FR; is the forces on the i*h element, and r; the distance from the rotor center to
the element.

To get the total torque from the whole rotor, the torque from the elements will be
summarized, which is shown in equation 5.11.

N
TR,blade,k = ZFRJ o7y (5.11)
i=1
N
=2 %Kil(ri)dr(oﬂ@sm(@ — Cp(a)cos(9)) - ri (5.12)
i=1

Where N is the number of elements the blade is divided into and ¢; is the chord length
of the i*" element. Because the wind field is not homogeneous, TR,blade,k nas to be found
for each blade, and summarized as in equation 5.13.

B
TRitot = Y TR,blade.k (5.13)
k=1

with B being the number of blades.

Likewise can the thrust force affecting the turbine structure be calculated as shown in
equation 5.14.

N
Fr blade,k = Z Fr; (5.14)
z;l §
=> %Vril(ri)dr(CL(a)COS((ﬁ) + Cp(a)sin(e)) (5.15)
=1

Now the forces affecting the blades has been described. However, in the used method, it
is assumed that the blade is a rigid body. Due to the thrust forces the blade will bend,
it will now be described how this bending can be modeled.
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5.2 Bending of the blade

To model the bending of the wind turbine blade, the bending motion can be modeled
by a hinge in the blade as shown in Figure 5.6.

~ Bladetip-

FR,root

Friip

Figure 5.6: Hinge model [10]

This means that the model found in the previous section, can be used directly for the
root, which is the part of the blade placed before the hinge, but because the blade is
bended the wind will have a different effect on the tip of the blade which is bended.

To calculate the forces acting on the different parts, of the blade, it is divided into three
regions as shown in Figure 5.7a, where the hinge is inserted at the rip mark. The force
affecting the blade will then be found by calculating three sums; from rg to rw, rw to
rg and rg to R.

The part of the blade in the left of rq is the part connecting the blade to the hub, and
it is assumed that the forces acting on this part are insignificant.

Cyio(r)

oy r, R

(a) Blade divided into main regions

(b) Blade divided into summation elements

Figure 5.7: Blade division

In Figure 5.7b, the blade is divided further in the elements that will be summarized
when the forces are calculated.
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5.2 Bending of the blade

If it is assumed that the blade is not bended the forces can be expressed as in equation
5.16.

r R
F W
[ FPT{ ] = Z g‘/;?el(Ti>Cb11(Ti)dr+ Z eril(ri)cblg(ri)dr (5.16)
=70 i=rwA1

' [ C(a)sin(¢) — Cp(a)cos() }
CL(a)cos(¢) + Cp(a)sin(¢)

The equation elements cp;; and cpe are used to calculate the chord length by means of
the length r. The equations can be written as:

Chll (7‘1) =air; + b1 and Cblg(Ti) = aor; + by (517)

In these equations, it is assumed that the sides of the blade are linear, but these equa-
tions can be changed to get nonlinear blade sides, if it wanted later in the modeling.

When the tip of the blade bends the relative wind will have a different effect on this part
than it will on the not bending part, this is because the incoming wind V is no longer
perpendicular on the blade tip. An illustration of this can be seen in Figure 5.8.

TFT,root
TVrel

Figure 5.8: Wind turbine top view showing the changed relative wind V.,

In the figure, a new relative wind V. is shown, this will be a function of the hinge angle
0r. Furthermore, a new tip thrust force is drawn, Fﬁtip, which is induced by the new
relative wind. The calculation of the relative wind V., is shown in equation 5.19, and
an extended equation for V¢ is shown as well.

V2A(ri) = (V — @) + (g - 73)° for r; <y (5.18)

rel

V22 (ri) = (cos(0n) - (V — i, — @) + (Or - 75)> for r; > rg (5.19)

rel
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As it can be seen, the movement of the tower &y and the blade 4}, have been included in
the equations because this movement can have a significant influence on the variables.
2t and %y, are described further in Chapter 6.

With the bending of the blade taken into account, a and ¢, can be redefined as well,
this is shown in equation 5.20 and 5.21.

¢ = tan’! —Vf”‘”t>

Orr

a = tan™ m) — (B + Brwist)

Orr

for r; <rp (5.20)

¢ = tant (Y=iozde
Orr for r; > ry (5.21)

o/ = tan! % — (B + Bwist)

where o’ and ¢’ is variables for the tip of the blade.
Furthermore, the thrust forces for the root and tip of the blade can be calculated as in
equation 5.22 and 5.23.

P oroot = Z 5 V2, (rs) - ey (ri)dr + Z V2(r) - epip(ri)dr (5.22)
=70 1= rw+1
- (CL(a)cos(¢) + Cp(a)sin(¢))
R
Frip = Z g%’j(n) ~ epia(ri)dr (5.23)
i=rg+1

- (Cr(a/)cos(¢') + Cp(a’)sin(¢))
As it were seen in Figure 5.8, the force F’i“,tip is no longer parallel to the wind inflow,

which have to be taken into account when the total thrust force is found. This is done
as in equation 5.24 and 5.25.

Frip = Fr g - cos(6n) (5.24)
Fr blade = Frroot + F7 tip (5.25)

If the force is found for all the blades, the total force affecting the tower can be calculated.

Finding the rotation force can be done in a similar way by summarizing the root and
tip forces, this is done in equation 5.26 and 5.27.
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5.2 Bending of the blade

TH
FR root = Z 5 V2,(r3) - cont (ri)dr + Z Vrel( i) - coia(ri)dr (5.26)
i=ro vl 2
- (Cr(a)sin(¢) — Cp(a)cos(¢))
R
FR gip = Z gvrfl(ri) - cpiz(ri)dr (5.27)
i=rgy—+1

(CL()sin(¢) — Cp(a’)cos(¢))

As done in equation 5.13, the torque induced by the blades can be calculated by mul-
tiplying the force on each element by the distance from the rotational center to the
element.

Because of the bending of the blade, it is not possible to use the blade radius r; directly.
Therefore, it is necessary to find the real length to the element of the blade. If it is
known how much the blade it bended, it is possible to find the angle 6y and from this
calculate the real distance form the center of the rotor to the i*" element, Ttip,i- Firstly,
the angle 6y is found as:

Oy = sin ™" <‘Tb> (5.28)

ltip

When 6y is found the real distance to the tip elements 7, ; can be calculated according
to the distances illustrated in Figure 5.9.

Ttip,i = lroot + ltip,z‘ . COS(@H) (529)

Using the found r;p; the rotational torque induced by the root and tip of the blade is
found in equation 5.30 and 5.31.

TR,root = < Z 9 rel rz Cbll(rz)dr T+ Z rel ) (530)

=70 1= rw+1

- cpro(r;)dr - ri> - (Cp(a)sin(¢) — Cp(a)cos())

R

mrap = | D SV - cona(ri)dr - rii (5.31)
i=rg+1

(Cu(asinte!) — (e eos(s)
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Figure 5.9: Illustration of the bended blade distances

The total torque for one blade is then calculated in equation 5.32.

TR,blade,k = TR,root T TR tip (5.32)

In this chapter, the thrust force acting on the tower and blade structure was found,
this will be used in Chapter 6 to calculate the deflection of the tower and the blades.
Furthermore, the aerodynamic torque has induced by the wind flow found, this will be
driving the generator through a drive train which will be described in Chapter 7.

As there are no parameters to fit in the nonlinear aerodynamic model, four factors will be
multiplied to the output from the model to make it more similar to the output from the
more complex FAST model, these parameters are ar root; OF tip, @r roots and ar tip, which
is for the thrust force for the root and tip, and the torque for root and tip respectively.
The fitting of these parameters will be implemented in Section 10.1.
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Chapter 6

Structural model

In this chapter, some of the structural behaviors of the wind turbine will be described,
namely the deflection of the tower and the blades due to the thrust force from the wind
described in Chapter 5. The placement of the tower structures in the overall system,
and the input and output from the system can be seen in Figure 6.1.

Structural
model

FTT le,xt

Figure 6.1: Block diagram showing the tower structures inputs and outputs in the overall
model structure

The main input to the model of the tower is the thrust force, F from the blades, this
force will make the tower and the blades deflect. This deflection of the blades, x},, and
tower x; is the output of the tower model.

In this submodel, only the flap-wise bending of the blades, and the fore-aft movement
of the tower is considered, because this have a significance to the model.

By inserting a hinge in each of the blades, as described in the Section 5.2, and one in
tower as illustrated in Figure 6.2, the deflecting of the structures can be modeled as
mass-spring-damper systems.
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Figure 6.2: Wind turbine with virtual hinges inserted

The fore-aft movement of the tower consist of the mass of the whole wind turbine, this
is divided into four masses, one for each blade tip My, ; and one for the tower including
the masses of the blade roots, M;. These masses are connected in a parallel mass-spring-
damper system as shown in Figure 6.3.

The mass-spring-damper system for the blades is assumed to be the same for all three
blades, thus the calculations for these are made for only one blade. The equations for
the system will now be found. Firstly the equations for the blades is shown in 6.1, and
is rearranged to find the force, I}tipﬂ-, by which the tower is affected by each blade.

My, idy i = Fiipi — Kb i(2h, — ¢) — By i(2h,; — &)

Fipi = Fupi — Kvi(2n; — ) — By (¥ — @)

In the equations Fiip; is the tip thrust force from each blade, found in equation 5.23,
Ky, ; and By, ; is the spring and damper constants, zy,; and x; is the displacement of the
blade elements and the tower respectively, also denoting the deflection of the blade and
tower.

From equation 6.2 the acceleration of the blade is found by dividing the equation by
M, ;, yielding equation 6.4
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Figure 6.3: Mass-spring-damper system of the tower structure

Fipi Ky - Ky ; . By, ; P By,
= - b,i ¢ — b,i
My; My, My, ; M, ; M, ;

Th,i

iy (6.4)

For the tower the mass-spring-damper system can be expressed as in equation 6.5.

Froot,l + Froot,2 + Froot,S + Eip,l + Ftip,2 + Ftip,?) (65)
= Mt.ft + Ktxt + Bt:iit

where Froot,; is the root thrust force from each blade, found in equation 5.22, and Kj
and B; the spring and damper constants.

Z¢ will now be isolated by inserting equation 6.3 into equation 6.5 and rearranging, the
result is seen in equation 6.6.

By = F]‘\’Zl + F]‘\’ZQ + F]‘\’Z3 + F;\‘ZI + F;\ZQ + F;\‘Z?’ (6.6)
n Ky + Kyp2+ Kp3 — Ky - By1+ By + Bp3 — By £
Mt Mt
B Kb,lx Ky Ky _Bui.  Byp.  Bugs.
I VAL v AL By v ity v AL Ry y AL
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The input to this tower structure was the thrust force from the aerodynamics in Chapter
5 and the output will be the deflection of the blades and tower.

Furthermore, two state equations in 6.4 and 6.6 were found. These state equation has
been rewritten into the state space representation in 6.7 and 6.8.

r 19 Bl 0 0 0 0 KO BO E
_ ®b,1 _ Pb,1 b,1 b,1
My Mpj 0 0 0 0 My 1 My
0 0 ;9 é 0 0 Ko Bo
0 0 Mb,2 _Mb,2 0 0 Mb,z Mb,2
Ao = b,2 b,2 b,2 Mp2 (6 7)
str 0 0 0 0 KQ Bl KO 5 .
_ b3 b,3 b,3 b,3
0 0 0 0 Mps — My3 Mp3 Mpg
0 0 0 0 0 0 1
_Kb1 _Bbi _Kpo Bp2 Kbz Bbgs
L~ 01, My My M, M, T, 987 088
_ Kp1+KpotKp 3—Ky
a8,7 - My
By, 1+ By, o+By, 3—B
Gy = DoLEozt st
o 0 O (1) 0 0 ]
0.0 0 g5~ 0 0
0o 0 O 0 0 0
0 0 0 0 m 0
Bstr = ’ C’str = 18 Dstr = 08,6 (68)
0O 0 O 0 0 0
1
0o 0 O 0 0 o3
0O 0 O 0 0 0
101 1 1 1 1
L My My My My My Mg

The state vector and input vector to the structural state space model are 6.9 and 6.10.

Tstr = [%,1 Ip,1 Th2 Tb,2 Th,3 Th,3 Tt Tt ]T (6.9)

Usty = [ Froot,l Ftip,l Froot,2 Ftip,2 Froot,S Ftip,s ]T (610)
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6.1 Yaw torque

6.1 Yaw torque

When a wake hits the rotor plane this will cause an uneven load on the wind turbine.
The difference in the loads will induce an yaw torque on the wind turbine, as illustrated

in Figure 6.4.
Tyaw,L Q Tyaw,R

. N\ [~ —7

I

Figure 6.4: Principal sketch of an uneven wind load inducing an yaw torque

The total yaw torque can be defined as in equation 6.11.

Tyaw = TyaW,L + Tyava (611)

In order to identify if there is an uneven load on the rotor plane, a model for the yaw
torque is derived. This model can later be used to limit the yaw torque affecting the
wind turbine.

As the wind pushes upon a blade, the blade generates an yaw torque on the tower, as in
equation 6.12. Ty, i is the torque around the tower from the kth blade. Each blade is
divided into NN pieces, for each piece the force from the wind Fr;, and the distance to
center r; is multiplied.

N

Tyawk = O Fri -7 (6.12)
=1

For the root of blade, which does not bend, the force upon the blade is Tyaw,root, Which
is shown in equation 6.13.
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™W TH
Tyaw,mﬁ( S LV - emlrddrrt Y VA (6.13)
i=ro i=rw-+1

~epia(ri)dr - 7%‘) - (CL(a)cos(¢) + Cp(a)sin(¢))

For the tip of the blade both the force and distance to the tower are changed, this is
illustrated in Figure 6.5.

- Tyaw
Tower midline
_ _ Fr.tip

Fyaw,tip

|overhang

ltipsin(Br) TFT .

1 L — e

L 1 ]
Iroot I Itip‘COS(eH)

Figure 6.5: How to find the yaw torque

Equations 6.14 to 6.17 shows the calculation of Fyay tip-

A= loverhang - ltip (Tz)SIH(aH) (614)

Lyane(11) = /A2 + (lroor + Lip(rs)cos(011))? (6.15)
A

0 =tan"! ( > 6.16

lroot + liip(ri)cos(0x) (6.16)

Fyaw tip = Fr g3, - cos(0p + 0c) (6.17)

When Fiaw tip is found, Tyaw tip can be found as well by including the distance from blade
segment to the tower midline [y, in the equation, this is done in equation 6.18.
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6.1 Yaw torque

R
Tyaw,tip = Z gv;/e%(n) < epiz(ri)dr - lyaw(ri) (6.18)
i:TH+1

- (CL(a)cos(¢') + Cp(a')sin(¢)) - cos(0m + be)

The total yaw torque for each blade is then calculated in equation 6.19.

7-ya,w7blade,k: = Tyaw,root 1 Tyaw,tip (619)

As the yaw torque of the interest is around the vertical axis, the azimuth angle of the
blade has to be taken into account. The angles are defined in Figure 6.6.

Figure 6.6: The angle used to find the yaw torque

The yaw torque for one blade around the vertical axis is in equation 6.20, where ; is the
angle of the blade, k is the blade number, and z indicates that it is around the z-axis.

Tyaw,z,k = Sin(SOk) * Tyaw,blade,k (620)

Applying a homogeneous wind field the single blade generates an yaw torque from each
blade, this is illustrated in Figure 6.7, where the summarized yaw torque is shown as
well.
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Figure 6.7: Simple simulation with a homogeneous wind field

If a wake is present in the wind field an uneven yaw torque occurs, this is illustrated in
Figure 6.8.
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Figure 6.8: Yaw simulation with a wake moving in a sine pattern

As the wake moves in the wind field the yaw torque increases, and when it move out of
the rotor plane the yaw torque decreases again.

Now it will be examined how the rotational force from Chapter 5, drives the generator,
this is done in the following chapter.
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Chapter 7

Mechanical model

In this chapter, the main mechanics of the wind turbine is considered, namely the drive
train. The objective of the drive train is to connect the rotor to the generator, and
thereby convert the rotational torque to electrical power. The inputs and outputs of the
mechanical model can be seen in Figure 7.1.

——>Mechanical—>

«—— model |fe—

Figure 7.1: Block diagram showing the mechanical model inputs and outputs in the overall
model structure

The torque from the rotor 7R, found in Chapter 5, is transfered to the generator through
a low speed shaft, which typically has a speed of 20-50 rpm [2, p. 30], into a gearbox
giving the high speed shaft the speed 1000-1500 rpm, and lastly into the generator, this
is illustrated in Figure 7.2.

Gearless wind turbines with direct connection between rotor and generator is making an
entrance into the market, but this will not be considered in this model.



Mechanical model

Nacelle
/Gearbox
—ly—
Hub —
[ W]

Generator

Blade Tower

Figure 7.2: Mechanical system of the wind turbine [2, p. 30]

The different parts of the mechanical system will now be examined and a model is made
inspired by [10]. The mechanical system from Figure 7.2 can be turned into the model
illustration in Figure 7.3.

Figure 7.3: Mechanical model

In left side of the figure, the torque from the rotor is applied as g, this makes the low
speed shaft rotate with a speed of 0. The low speed shaft drives a gear, here illustrated
as a planetary gear, this transfers a speed of fc, and the torque s to the high speed
shaft which is fed into the generator. The equations of the transfer speed and torque is
shown in equation 7.1 and 7.2 where Ng is the gear ratio.

fc = Ng - O (7.1)
LS

- TS 2

THS = N (7.2)
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7.1 Dynamic equations

JRr in the model, is the inertia of both the low speed shaft and the rotor, and Jg includes
the inertia of the generator and gearbox. Furthermore, the torsion of the shaft and the
flexibility of the drive train are modeled by an inserted spring. Frictions from the gear
and the bearings are included on the spring and the low and high speed shafts.

The torques, that is induced by the inertias and frictions of the drive train, are included
in the model as 11,5 and the torque from the generator is included as 7¢.

7.1 Dynamic equations

The dynamics of the shafts can now be expressed, in equation 7.3 is the low speed shaft
firstly described.

JrOr = TR — LS — BrOr (7.3)

Beside the known elements this equation contains the friction of the bearing denoted as
Bg.

The torsion on the drive train is included as a torsion spring, which is described in
equation 7.4.

s = Kprbs + Bprbs (7.4)
e

Where Bpr is a torsion damping coefficient, Kpr the stiffness, and 65 the torsion angle
of the drive train.

The absolute angles of the system are of no interest for the model, except the torsion
angle 0s5. This leads to the rewriting in equation 7.6 where 7.5 is differentiated and
inserted into 7.4.

.6
1.s = Kpr1ls + Bpr <9R — ]\/'G> (7.6)
G

Now the dynamics of the low speed shaft is expressed, and is found for the high speed
shaft in equation 7.7.

Jabe = mas — 7¢ — Babg (7.7)




Mechanical model

The dynamic equations have been found for the drive train, and they can now be rewriten
into three equations.

Firstly 7.6 is substituted into 7.3 giving equation 7.8. Then 7.9 is found in a similar way,
by first inserting 7.6 into 7.2 and these are inserted into 7.7. The last equation 7.10 is
made by differentiating 7.5.

B} ) Brr -
JrOr = ™R — Kp105 — (BpT + BR) 0R + T][)GT e (7.8)
. Kpr Bpr Bpr :
_ BTy PhTh  (PDT L p _ .
Jaba Ne 05 + Ne Or < Né + G) Oc — 1@ (7 9)
. . éG
G 7.10
05 = Or Ne (7.10)

In the final state space model, desired states is éR, ¢ and 95, these variables is isolated
in equation 7.11 to 7.13.

. ™ Kpr (BpT + BR) ; Bpr
Op = — — 0s — 0 0 711
R Tk n IR Rt Nadr' C (7.11)
O = 0 Or — — ) g — — 7.12
= Nada 0t Nagg B <N(2;JG + JG> ¢ (7.12)
) ) 1 .
= - — 7.13
05 = Or Ne e (7.13)

Three first order differential equations have now been derived, in order to describe the
behavior of the drive train.

The equations found have been written into a state space representation in equation 7.14
to 7.16

. T T
Tmech = [0r 0c 05]  Umeeh = [TR TC] (7.14)

r —(Bpr+BR) Bpr —Epr

TR NG IR TR
_ B B B K
Amech = Nola NéjJTG 7 ) Naia (7.15)
—1
L 1 NG 0
_ % 0
R

Bmech = 0 ;—é Cmech = I3 Dmech = 03,2 (716)

L O O
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Chapter 8

Pitch system model

A part of the control will consist of blade pitching. This pitching will be performed by
three pitch actuators placed in the hub of the wind turbine. It is necessary to model
these actuators in order to include the pitching control in the overall model.

The input to the pitch system model B,of will come from the controller, as illustrated
in Figure 8.1, this input consists of three different pitch references, to make individual
pitching possible, and the output will be the actual pitch of the blade used by the
aerodynamic model in Chapter 5.

pf
Pitch
model

Bref T

Figure 8.1: Block diagram showing the pitch system model inputs and outputs in the overall
model structure

In closed loop, the pitch actuators can be modeled as a first-order system [2, p. 42], where
there is a limitations in speed of the actuators and amplitude. This has been considered
to be sufficient to this project where the wind turbine will have three independent and
identical pitch systems.

The input for the pitch actuator will as described be the pitch reference (.. and the
output will be the actual pitch of the blade 8. The dynamic behavior of the pitch system
is expressed in equation 8.1.

L(8)=- ST p—

Ttime,P Ttime,P

ﬁref (81)



Pitch system model

where

x if mn <z< Tmax
L(x) =< ZTmin if < zpn (8.2)
Tmax 1L T > Tmax

where Tiime p is the time constant of the pitch system. In Figure 8.2, a block diagram
of the first-order pitch actuator model is shown, where the limitations of the actuator is
inserted as well.

Bmin/max Bmin/max
Bref B 1 B
—> 1 V » — » V »
Ttime,P - ‘ S ‘
1 Ll
)
Ttime,P

Figure 8.2: Pitch actuator block diagram [2, p. 43]

As the properties for pitch actuator is not included in FAST, the limitations shown in
Table 8.1 will be used.

Bmin 0° Bmin ‘100/5
ﬁmax 90° ﬁmax 100/5

Table 8.1: Pitch actuator limitations [18, p. 25][19, p. 6]

From [22, p. 5] Tiime p is set to 0,2 seconds.

The model is written in state space as shown in equations 8.3 to 8.5

T T

Tp = [51 52 63] usg = [Bref,l Bref,2 6ref,3] (83)

=1 0 0 1 0 0

Ttime,P Ttime,P

Aﬁ = 0 Ttir_nle,P 0 Bﬁ = 0 Ttinlle,P 0 (8'4)

0 0 —1 0 0 -

Ttime,P Ttime,P

Cs=1I3 Dp=033 (8.5)

The model of the pitch actuators have now been modeled as a first order system. The
output 3 of this pitch system model will be an input to the aerodynamic model described
in Chapter 5.
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Chapter 9

Generator model

Besides the blade pitch, the controller can use the generator torque to control the system.
It is therefore necessary to make a model of the loading torque from the generator which
shows the relation between the input and output of the generator. The placement of the
generator model in the overall structure can be seen in Figure 9.1.

—> Generator |Power
—>
'« model

TG,refT

Figure 9.1: Block diagram showing the generator model inputs and outputs in the overall
model structure

The input to the model of the generator is the angular velocity of the high speed shaft
from Chapter 7 where the mechanical model is described, and a control signal consisting
of a torque reference 7q ot and the output will be the actual torque from the generator
Tq, and an electrical power output.

The dynamics of the electric part of the wind turbine are much faster than the mecha-
nical parts of the system [2, p. 37], and therefore the generator model can be modeled
as a first order system [8].

The dynamic equation describing the generator is expressed in equation 9.1.

. 1 1
L(TG):‘TU GL(TG)Jth‘ .
ime, ime,

TG ref (9.1)



Generator model

where

x if mn <z< Tmax
L(x) =< ZTmin if < zpn (9.2)
Tmax If > Tmax

where Tiime,c is the time constant of the first-order system. A block diagram of the
generator model is illustrated in Figure 9.2, where the limitations of the generator is

inserted.

i-G,min/max TG,min/max

TGref| 1 16 1 Tg
_> —
Ttime,G ~ S

1
Ttime,G

Y
Y
Y

A

Figure 9.2: Block diagram of generator model

In the final model, the generator torque is said to be equal to the torque reference be-
cause the generator unit is assumed to be significantly faster than the rest of the system.

Besides the response on a reference torque, the incoming angular velocity from the high
speed shaft, fq, will combined with the torque give a power output, Pa, as shown in
equation 9.3.

P = nebata (9.3)

where ng is the efficiency of the generator.

In this chapter, a model of the generator has been modeled as a first order system.
The outputs of this generator model is the generator torque 7¢ which is used in the
mechanical model in Chapter 7, and a power output Pz which will also be the output
from the overall model.
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Chapter 10

Parameter estimation

Different parts of the model has been derived in previous chapters. To complete the
submodels, some of the parameters will now be determined, these are parameters that
can be estimated by implementing the submodels in MATLAB, and comparing the results
with the FAST outputs.

Ahead of the parameter estimation the placement of the hinge has been determined by
inspiration from [10], and use of MATLAB simulations. The hinge is placed between the
8t and the 9'" blade element, this gives a ry of 19,5 m.

MATLAB scripts and FAST files used for the parameter estimation is attached in the
folder [’Parameter estimation’].



Parameter estimation

10.1 Aerodynamic parameter estimation

In the following, the aerodynamic model is compared to the output from AeroDyn. The
drive train, tower, and blade freedom has been disabled to avoid undesired influence.

The aerodynamic model for the blades from Chapter 5 has no parameters to fit. Instead
four factors has been added for this purpose, ar oot and ar tip, which is multiplied to
the thrust forces Froor and Fiip respectively, and ar root and a; tip, which is multiplied to
the rotational torques Tyoor and 7iip respectively.

Estimation of the parameters will be carried out as shown in Figure 10.1, by having a
wind field as input to the aerodynamic model and AeroDyn, the parameters can now be
fitted in the model, to make the output from AeroDyn and the model to match.

AeroDyn —l

Wind Parameter
field estimation
Aero.
model

Figure 10.1: Block diagram of aerodynamic model parameter estimation

In Figure 10.2, the wind input for the aerodynamic model and FAST is shown.

Wind speed [m/s]

0 | | | | | | |
0 50 100 150 200 250 300 350 400
Time [s]

Figure 10.2: Wind input for the aerodynamic model and FAST

The output from AeroDyn can be seen in Figure 10.3 along with the output from the
aerodynamic model. The fitted model it is the same as the AeroDyn output as the
factors make a perfect fit.
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10.1 Aerodynamic parameter estimation
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Figure 10.3: Thrust force and rotational torque from AeroDyn, along with the unfitted
torque from the aerodynamic model
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Parameter estimation

These plots show how the total force and torque of a blade are behaving according to the
wind input. In Figure 10.4, the forces and torques output from AeroDyn for each blade
element are shown. Furthermore, the unfitted and fitted elements from the aerodynamic
model are plotted as well.
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Figure 10.4: Element-wise thrust forces and rotational torques from AeroDyn, along with
the unfitted and fitted forces and torques from the aerodynamic model

As it can be seen from the figures, there is not a perfect fit between AeroDyn and original
model output. By multiplying the different parts by a fitting factor it is possible to get
a perfect fit between the two outputs. These fitting factors is shown in Table 10.1.

Parameter | Value

OF root 0,9704
athip 0,9989
—— 0,9735
Gr tip 0,9959

Table 10.1: Fitting factors for the aerodynamic model

The factors has been estimated using fminsearch to minimize the quadratic error bet-
ween AeroDyn and the model, the error is therefore as small as possible.
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10.2 Yaw torque

10.2 Yaw torque

It is not possible to fit the yaw torque to FAST, as it is not possible to use wind field
including a wake as input to FAST. The equations used to calculate the yaw torque,
is almost similar to the equations in the aerodynamic model and therefore the same
parameters, ar root and ar tip, is used on the yaw torque.

10.3 Mechanical parameter estimation

The set up for the parameter estimation of the mechanical model found in Chapter 7
can be seen in Figure 10.5.

Wind —>  FAST
field
Parameter
i) estimation
Mechanical‘

model

Figure 10.5: Block diagram of mechanical model parameter estimation

The input to the drive train model are the rotor and generator torque. The output are
the velocity of the low and high speed shafts. The two torques are extracted from FAST
and loaded into the drive train model. The output from drive train model is compared
to the output from FAST.

To estimate the mechanical parameters, the MATLAB function pem has been used.

Previous to the estimation is some data made in FAST with the wind input shown in
Figure 10.6.
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Figure 10.6: Wind input for FAST
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This wind input generates the torques shown in Figure 10.7.

Rotor torque input

0 100 200 300 400 500 600 700 800

Generator torque input
T T T T T T

0 ! | | I I !
0 100 200 300 400 500 600 700 800

Time [s]

Figure 10.7: Torque input for pem estimation

These two torques will be the input for the pem estimation, along with the velocities of
the low and high speed shafts.

pem needs some initial parameter guesses and ends out with the best fitting parameter.
Both the initial guesses and the final estimated parameter is listed in Table 10.2. The
initial guesses is based on the project [10] and FAST.

Parameter Initial guess Estimation
Kpr [Nm/rad] 5,609 5,609
Bpr [Nm/(rad/s)] 1,007 1,00e7
Br  [Nm/(rad/s)] 2,50e1 7,728-5
B¢ [Nm/(rad/s)] 0,000 2,79e-5
Jo kg m?] 5,3081 4,51w1
JR [kg m?] 2,9684 6,13e4

Table 10.2: Estimated drive train parameters

Other than these parameters is the gear ratio, which is not estimated but read off from
the FAST files. The gear ratio is found to be 87,965.
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10.3 Mechanical parameter estimation

The output from the parameter estimation is shown in the figures 10.8a and 10.8b.
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(b) High speed shaft velocity
Figure 10.8: Result from parameter estimation of the drive train

As it can be seen from these two figures, the parameters are estimated perfectly, giving
a perfect fit of both the low and high speed velocity.

Besides the estimation according to the velocities of the two shafts was the twist of the
low speed shaft also originally included in the estimation. It turned out though that the
output from FAST, was not suitable for estimation. The twist found in the model is
shown in Figure 10.9, where only the model output is shown.
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Figure 10.9: Low speed shaft twist from the model

Even though the twist of the low speed shaft have been omitted the parameter estimation
of the drive train is still supposed to be suitable.

10.4 Structural parameter estimation

In Chapter 6, a model for the structural elements on the wind turbine were found, that
is the bending of tower and blades.

In this section, the parameters for this model will be estimated. The set up for the
estimation is shown in Figure 10.10.

FAST
[

Wind | AeroD Parameter
field erobyn estimation

Structural

model

Figure 10.10: Block diagram of structural model parameter estimation

AeroDyn calculates the forces acting on each element of the blade, which are used as an
input to FAST and the structural model. The bending of the tower and the blades cal-
culated in FAST is then compared to the bendings from the model, and the parameters
is estimated to give the best result.

Implementation of this parameter estimation is done by the MATLAB function pem.
The wind input for AeroDyn is shown in Figure 10.11. The wind field consists of steps

of 5 m/s until 25 m/s where the wind speed returns to 0 m/s.

Normally the wind will not change that steep, but in this parameter estimation it will
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10.4 Structural parameter estimation
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Figure 10.11: Wind input for estimation of parameters in the structural model

give a clear change in deflection of the blades and tower.

The pitch has been set to 0° , and the hinge inserted in the blades in placed between
8 and 9*" blade element. Furthermore, all degrees of freedom is turned of in FAST,
besides the ones for tower and blade deflection.

Running the estimation results in the parameters presented in Table 10.3, where also
the initial guesses are listed. These guesses are based on the project [10, p. 119].

Parameter Initial guess Estimation
Blade spring  [N/m] 2,32e4 2,59e4
Blade damper [N/(m/s)] 3,2612 2,1182
Blade mass [kg] 3,61r2 4,0652
Tower spring  [N/m] 9,30E5 4,76E5
Tower damper [N/(m/s)] 24184 1,1284
Tower mass [kg] 1,385 7,30e4

Table 10.3: Estimated structural parameters

In Chapter 6, different spring, damper and mass coefficients where given for each blade,
but it is assumed that these coefficients are equal.

When inserting the parameters into the structural model this yields deflection and ve-
locity of the blades presented in Figure 10.12. Originally the fitting process should take
both deflection and velocity into account, but it turned out that the fit were best when
only the deflection were considered. This is probably because the velocity is not an
output from FAST, but were found be differentiating the deflections.
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Figure 10.12: Comparison of deflection and velocity of blade from FAST and structural
model with the estimated parameters

As it can be seen, is the fit satisfactory, it is not perfect but it is definitely suitable for
this project.

The deflection and velocity of the tower where estimated as well, this is shown in Figure
10.13.
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10.4 Structural parameter estimation
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Figure 10.13: Comparison of deflection and velocity of tower from FAST and structural
model with the estimated parameters

As it can be seen in the figures, the fit with the FAST output is not exact. But the
result is close enough to be used in this project.
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Chapter 11

Combined model

In the previous chapters, the different submodels for the project have been derived. In
this chapter, the equations from the previous chapters are collected into a complete
model of the wind turbine.

The model is illustrated in Figure 11.1, where it can be seen that the model is divided
into two parts, where the nonlinear model serves as an input to the linear model.

Y,
VF—> Nonlinear ~
X__ 5| model Unon
,| Linear [ X,
Ulin .| model

Figure 11.1: Complete model with linear and nonlinear part

VF is the wind input for the aerodynamic model, = is the state vector, uyon and uy, are
input vectors to the linear block, these are listed in Table 11.1. y is an output vector,
which contains the yaw torque.

Input Description
Unon Froot,1  Thrust force from the root of blade 1
Fip1  Thrust force from the tip of blade 1
Froot,2  Thrust force from the root of blade 2
Fiip2 Thrust force from the tip of blade 2
Froot,3  Thrust force from the root of blade 3
Fiip3  Thrust force from the tip of blade 3
TR Torque from the rotor
Win TG Generator torque reference
Bref,i Blade pitch reference for blade i, i = {1,2,3}

Table 11.1: Inputs for the linear model

The nonlinear model consists of the aerodynamic model, and the linear consists of the
structural model, mechanical model, pitch system model and the generator model. The



Combined model

state vector for the full model is shown in Table 11.2.

State Description

Th1 Deflection of blade 1
1 Velocity of blade 1
Th 2 Deflection of blade 2
T2 Velocity of blade 2
T3 Deflection of blade 3
T3 Velocity of blade 3

Tt Deflection of the tower

Tt Velocity of the tower

Or Angular velocity of the rotor

O Angular velocity of the generator

05 Torsion angle of drive train

Bi Angle of the i'! pitch angle, i = {1,2,3}

Table 11.2: State vector of the system model

The first part of the model combination is the nonlinear model which will now be sum-
marized.

11.1 Nonlinear model

The nonlinear model contains the aerodynamic model of the blade. It takes the state
vector and the wind field as input and the output is the thrust force, yaw torque and
rotational torque. A block diagram representation of the nonlinear model is shown in
Figure 11.2.

VF—» Nonlinear —y>
X__ 5| model Unon

Figure 11.2: Inputs and outputs to the nonlinear model

Vr is the wind field, which is a 16x16 matrix and y is a 3x1 vector describing the yaw
torque for each blade, furthermore is x the state vector and ty,,, the input for the linear
model described earlier containing the elements shown in the vector in 11.1.

Unon — [Froot,l Ftip,l Froot,2 Ftip,2 Froot,3 Ftip,B TR, tot ]T (].1].)
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11.1 Nonlinear model

Aerodynamic model

The equations describing the aerodynamic model will now be listed. The thrust forces
affecting each blade and thereby the tower is described in equation 11.2 and 11.3.

W
FT,root = Z gv;el(’rl) Cbll(rz d?" + Z rel ) Cblg(n’)dr (112)
=70 1=Tw

- (Cr(a)cos(¢) + Cp(a)sin(g))

R
Frsip = Z V(i) - cpa(ri)dr (11.3)

'i:rH

(Cule)eos(#) + ol sin)

These are the equations that are used as input in the model of the structural model,
causing tower and blades to bend. The torque, from a single blade, that is transfered to
the mechanical part of the system is shown in equation 11.4 to 11.6.

TR,blade,kK = TR root + TR, tip (11.4)
TR oot = (Z 5 Vi (ri) - con (ri)dr - r; (11.5)
=7
+ Z V2,(r:) - coa(ri)dr - 7i | - (CL(@)sin(¢) — Cp(a)cos(¢))
1= ™W
TR tip = Z 5 Viel (i) - cora(ri)dr - Tiip, (11.6)
=7y

- (Cr(a")sin(¢) — Cp(a’)cos(¢'))

In both the expression of the thrust force and rotor torque, the relative wind velocity is
used, this is expressed in equation 11.7 and 11.8.

Viel = \/(V —@¢)2 + (Or - 7)? for r; <rp (11.7)
13 =\ (cos(Bu) (V — iy — )2 + (0 - 7)2 for 1y > 1 (11.8)
Oy = asin (xb ) (11.9)

ltlp
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Combined model

Furthermore, the angle of attack and the angle of the relative wind, in proportion to the
rotor plane, are expressed in equation 11.10 and 11.11.

¢ = tan (V._it
VHP”: for ry <rp (11.10)
a = tan_l (;xt - (/8 + 6twist)

QRT

' -1 V—dp—dy
¢ = tan Gor )

o/ = tan! %) — (B + Brwist)

for r; > ru (11.11)

The lift and drag coefficients and the length of the chord are found from table references
in FAST.

The output of the this part of the nonlinear model will now be the rotational torque
TR,tot and the thrust force of the root and tip of the blades, Fr o0t and F7,  which is
used for the last part of the non linear model, the yaw torque.

,tip

Yaw torque model

Equations for the yaw torque where derived in Section 6.1. Here the thrust force from
the aerodynamic model where used to describe how an yaw torque where affecting the
wind turbine.

The yaw torque contribution from the k' blade is calculated in equation 11.12.

Tyaw,z,k = Sin(‘;pk:) : (Tyaw,root,k + Tyaw,tip,k) (11.12)

@y is the azimuth angle of the k™" blade, which has to be supplied to the formula. With
the contributions from the root and tip, Tyaw,root and Tyaw tip described in equations 11.13
and 11.14.

W TH
Tyaw,ro0t = <Z gVél(Tz’) “epit (ri)dr -y + Z giel(n) (11.13)
1=ro i=rw-+1

cva(ri)dr - ) - (Cu(a)cos(@) + Cp(a)sin(4))

R

Tyaw,tip — Z er’j (7‘1) * Cp12 (n)dr . lyaw(ri) (11.14)
1=rg+1

- (CL(a)cos(¢) + Cp(a’)sin(¢')) - cos(0u + 0e)

68



11.1 Nonlinear model

where most of the coefficients is the same as for the aerodynamic model just described,
and the remaining described in equations 11.15 to 11.17.

A= loverhang - ltip(ri)Sin(aH) (1115)
A
e = tan™! 11.1
e = tan (lroot + ltip(m)COS(HH)> (11.16)
lyaW(ri) = \/A2 + (lroot + ltip(""z‘)COS(QH))2 (11.17)

The output of the nonlinear model are the rotational torque 7R tor and the thrust force
of the root and tip of the blades, Fr o0t and Fﬁtip, all of these variables will be used as
inputs to different parts of the linear model. Furthermore, can the yaw torque 7yaw be
used as an input to the controller.
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Combined model

11.2 Linear model

After the examining the nonlinear model, the linear model will now be combined to one
complete state space representation. A block diagram of the linear model is shown in
Figure 11.3.

Unon

X Linear | X,
Ulin model
>

Figure 11.3: Inputs and output of the linear model

The linear model consists of the structural dynamics, the mechanical dynamics and the
pitch system. These subsystems are merge into one state space model by the equations
11.18 to 11.22.

& = Asx + Bsu (11.18)
y = Csx + Dsu
where
[unon uhn] = [ustr Umech U,B] (11.19)
T

= [Tstr Tmech 8] (11.20)

Astr 0gx3 0Osx3 Bstr Ogx2 Osx3
O3x8 Amech 03x3:| BS == |:03x6 Bmeoh 03x3:| (1121)

O3xs 0O3x3 O3x6 O3x2 DBg
Laxia Ds = O14x11 (11.22)

Each of these state space models will now be described.

Structural part

The structural model where found in Chapter 6. It takes the thrust forces from the
nonlinear model as input, and has the deflection of tower and blades as output. In
equation 11.23 to 11.26, the state space representation of the structural model is shown.
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11.2 Linear model

9 A 0 0 0 0 0 0 7
b1  Bpa b1 Bbi
Mpy My, 0 0 0 0 My, My
0 0 KQ B]_ 0 0 KO BO
0 0 _Mb’2 _Mb,2 0 0 Mb,z Mb,g
Ay = b,2 b,2 b2 Mp2 (11 23)
str 0 0 0 0 IQ Bl KO BO .
0 0 0 0 _®b3 _ °b3 b3 “b3
My3  My3 My3 Mp3
0 0 0 0 0 0 0 1
_Kb1  Bba Kb Bpa Kbz Bpg
L My, My M Mg My M as,7 agzg |
_ Kp1+Kpot+Ky, 3—Kg
agy = ——=i
By, 1+By, o+By, 3—B
agg = b,1 b,]at b,3 75t
0 0 O (1) 0 0
0.0 0 = 0 0
0O 0 O 0 0 0
00 0 O M}iz 0
Bstr — 0 0 0 0 0’ 9 (1124)
0o 0 O 0 0 o3
0O 0 O 0 0 0
i1 1 1 1 1
| My My My My My Mg |
Totr = [Tp,1 Ep1 Tpp Tpa Tpg Ing Tp D (11.25)
T
Ustr = [Froot,l Ftip,l Froot,2 Ftip,2 Froot,?) Ftip,S] (1126)

Mechanical part

The states and inputs for mechanical part of the model, found in Chapter 7 are shown
in 11.27. And the system can be described in a state space system with the matrices in

11.28 and 11.29.

Tmech = [0r  Oc 95]T Umech = [TR TG}T

r —(Bpr+BR) Bpr —Kpr
JR NgJr JR
Amech: Bpr _( _Bpr , Ba Kpr
NaJa NZJig ' Ja ) Nala
-1
L ! o 0
o1
Er
B = —1
mech 0 i
L O O

(11.27)

(11.28)

(11.29)
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Combined model

Pitch system model

The last part of the linear model is the pitch system which were found in Chapter 8.

The pitch system can be expressed as a state space system with the state and input
vector and system matrixes shown in equations 11.30 to 11.31.

T T
xg=1[B1 B2 B3] up=[fret1 Bret2 Bress] (11.30)
—1 0 0 - 0 0
Ttime,P Ttime,P
Ag = 0 = 0 Bg = 0 g O (11.31)
0 0o 1 0 0
Ttime,P Ttime,P

Before the system model can be validated the nonlinear model, consisting of the aero-
dynamics and the yaw torque, will be linearized, this is done in Chapter 12.
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Chapter 12

Linearization of aerodynamics

In Chapter 5, the equations 12.1 to 12.3 were found, as it can be seen, these contains
nonlinear expressions, table references, and sums, which have to be linearized in order
to use linear methods for controller design.

The procedure in linearizing the aerodynamic model will be as follows. Firstly the
operation points for the linearization is found. The equations are then approximated to
continuously and differentiable functions. Subsequently the Taylor approximation can
be computed.

Fr root (m, V2(V, 0, i, 2), CL(), Cp(e), a(V, Or, 71, B), (12.1)

o(V, éR,Ti),Cbn(?%%%m(ﬁ)) =

ag root( Z 9 rel Tz Cbll Tz d?“ + Z rel ) Chbl2 (Tl)dT‘>

=70 I=Tw

- (Cr(@)cos(¢) + Cp(a)sin(¢))

FT,tip <’ri7 ‘/1“,621(‘/7 9Ra T, i‘bv j"tv 9H)7 CL(a/)7 CD(O/)7 O/(‘/a éRv T, (122)

i, dt, B), ¢ (V, éR,Tiaﬂbb,i‘t%Cb11(7“i)70b12(7“i)> =

ar tlp( Z 5 Vea(ri)eon n)dr>

ZT‘H

- (CL(a')cos(¢') 4+ Cp(a)sin(¢'))



Linearization of aerodynamics

TR,blade (Tia Ttip,ia ‘/}el(V> T3, ib? jf‘tv éRa HH)? V;/eQ](V7 éRa T3, 'Z'Uba jjt) QH)a
CL(O(), CD(CE), CL(O/)u CD(O/)u O[(‘/, éRa T3, /8)) d)(v) éRa Ti))
o/ (V,0r, 73, v, d, B), ' (V, O, 74, b, dt), corr (74), Cblz(?‘i)) =

ar root ( Z 9 rel Tz Cpl1 ’I"Z)d?” T+ Z rel )

=T 1= rWJrl

cpi2(ri)dr - r¢> - (Cp(a)sin(¢) — Cp(a)cos(@)) +

Qr tip 5 el Tz cb12(T2)dT Ttip,i
1= 'rH—|—1

. (CL(o/)sin(qb') - CD(a/)COS(¢/))

12.1 Operation points

(12.3)

As it has been chosen to focus on a wind field of 15 m/s, this will be used as basis for
the operation points. A simulation of the nonlinear model with the FAST controller,
has been running for 600 seconds to get a steady values and the state vectors has been

used as operation points along with the wind speed of 15 m/s.

The operation points are:

xp = 0,908 m

Zp =0m/s

2 = 0,199 m

4y =0m/s

Op = 2,143 rad/s
8 = 0,251 rad

These operation points are used later, in the linearization.
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12.2 Preparation for linearization

12.2 Preparation for linearization

The wind input contains summations, which must be redefined in order to make these
differentiable. The wind field is contracted into two parts for each blade, one for the
root of the blade and one for the tip. These are shown in 12.10 and 12.11.

TH

Vioot (Oblade) = Z V(Oplade, i) (12.10)

1=To
R
Viip(Oblade) = Y 0(Bblade; 74) (12.11)
i=rg+1

where the elements are divided as ro = 1, rqy = 8 and R = 15.

As described, the blades are divided into two parts, divided at the hinge placement, the
calculation of forces and torques are made for each part. The radius to the two points
where the calculations are made are found by taking the mean of each region, root and
tip, which yields the following:

Troot = 10,6125 m (1212)
Tiip = 27,2296 m (12.13)

In the nonlinear equations, there are some functions and table references which is needed
change to a differentiable description, this will now be done starting with the chord
length.

75



Linearization of aerodynamics

Element chord length

In the aerodynamic equation, the length of the airfoil chords is included, this can be
found by a table reference in FAST. To avoid this table lookup, the area of the blade
regions can be found, the root and tip area. The areas are calculated by multiplying
width and length of each blade element and summarize these.

W TH
Avoot(on (i) epia(ri)) = dr [ D eon(r) + D epia(ri) (12.14)
=70 i=rw-+1

= 2,21667 m - 18,7593 m = 41,5832 m>

R
Auip(epia(ri)) = dr Y coia(ri) (12.15)
i=rg+1
=2,21667 m - 10,1156 m = 22,4229 m?

where cp)p () and cpja(r;) are the width of the element r;.

Lift and drag factor

The lift and drag factors are as well linearized, to determine the lift and drag force in
proportion to a certain angle of attack.

As for the blade width, the lift and drag factors for the specific airfoil can be found in the
source code for FAST [23]. The factors is plotted in Figure 12.1, where the lift factor Cr,
is expressed as the mean of the three different lift factors, and as the drag factor Cp is
the same for the three airfoil it is not necessary to take the mean of those. It is assumed
that taking the mean of the lift factors this does not affect the result noticeable, because
they are as similar as they are.

2 I
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=

I
3

|
o
o

Drag and lift factors [-]

|
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|
=
3

Angle of attack for the blade, a [rad]

Figure 12.1: Lift and drag factor for the blade

76



12.2 Preparation for linearization

To get a linear expression for these factors, a first order approximation is wanted, this
can be acceptable in a limited area around an angle of attack of 0 rad in the interval from
-0,1 to 0,2 rad. The first order approximation is made by equations 12.16 and 12.17.

(12.16)
(12.17)

Cr(a) =ap-a+by
Cp(a) =ap-a+bp

In Figure 12.2, MATLAB’s polyfit function has been used to find two approximations.

15— - -G =
T - CD
» 1H i .
g - CL approximated
§ 054 CD approximated B
£
g oF == — = — — /—/ — == ]
[=2] e
© ~ —
5 05 e

_1 - -

1 1 1 1 1 1 1 1 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

Angle of attack for the blade, a [rad]

Figure 12.2: Drag and lift factor for the blade

The coefficients used in equations 12.16 and 12.17 is shown in Table 12.1.

Coefficient | Value
ar, 5,6827
br, 0,6374
ap 0,0495
bp 0,0092

Table 12.1: List of approximated lift and drag coefficients

This approximation is as for the approximation of the blade width used when calculating
the forces acting on the blades of the wind turbine.

It should be noted that this approximation only holds within the boundary of -0,1 and
0,2 rad, outside this another approximation is necessary to get a valid solution.
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Linearization of aerodynamics

Pre-pitch of the blade

A wind turbine blade have a pre-pitch, Biwist, which implies that the angle of attack on
each blade element is optimal. It is wanted to linearize this pre-pitch within the two
given regions.

To linearize the pre-pitch, the mean of the root and tip pre-pitch is calculated which
yields:

Bpre,root = 0316456 rad (1218)
ﬁpre,tip = 0,01522 rad (12.19)

A plot of the original pre-pitch is shown in Figure 12.3, with the approximation plotted
as well.

0.2 I
Pre—pitch
Pre—pitch approximation

Blade pitch [rad]
o o
o
= (6]
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a
T
i

0 L L I I F——
0 5 10 15 20 25 30 35
Distance from hub [m]

Figure 12.3: Pre-pitch of the blade, shown with the approximation
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12.3 Combined equations

12.3 Combined equations

The equations expressing the aerodynamic model can now be written in a differential
form:

FT,root (V;%l(vvv éR) T3, i‘t)v Oé(‘/, 9R7 T, 5)7 gb(V) éRa 7‘7,)) = (1220)
aFyrootgvrzlAm((a 6827 - a + 0, 6374)cos()
+(0,0495 - & + 0, 0092)sin(¢)

FT,tip (VIQI(‘/; 9R7 T i.bu j:ta eH)v O/(Va éR? T, j:bv it? ﬁ)v (1221)

QS/(‘/a éR? T, :tba l‘t)) -
aRtipgv;gAtip ((5,6827 - o/ + 0,6374)cos(¢')
+(0,0495 - o/ + 0,0092)sin(¢))

TR, blade (Vrel(V, Ti, @, By, Or, O), Vea(V, Or, 7i, b, G, Op), (12.22)
oV, 0r, i, B), 6(V,0r, 1), o/ (V,0r, 14, &, &4, ),
¢'(V, O, s, ﬂbb,ivt)) =
amootgﬂilzﬁlmotrmot ((5,6827 - o + 0, 6374)cos()
—(0,0495 - & + 0,0092)sin(¢))
+ arip BV Agpreip ((5,6827 - of 4 0,6374)cos ()

2
—(0,0495 - o’ + 0,0092)sin(¢))

where

¢(Vroot, Or) = tan™ <Vt> (12.23)
HRTroot
. Viig — 1, — d
¢I(‘/tip, GR, ii‘b, it) = tan'l M (12.24)
ethzp
A -1 ‘/root
a(v;"oota 9R7/8) = tan <’I“> - (/B + /Bpre,root) (1225)
R"root

. o Viip — @ — @
a,(‘/tipa 0R7 Th, Tt, 5) = tan ! <tpbt> - (6 + /Bpre,tip) (12-26)

RTtip
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Linearization of aerodynamics

‘/ril(‘/;"ooty 9R7 xt) = (V;‘oot - it)z + (9R : 7’7’0015)2 (1227)
Vid(Viip, O, v, v, 011) = (cos(0n) - (Vigp — @b — 44)) + (Or - Tip) (12.28)

T

and the fitting parameters from Section 10.1 as shown in Table 12.2.

Parameter ‘ Value

OF root 0,9704
aF,tip 0,9989
— 0,9735
Qr tip 0,9959

Table 12.2: Fitting factors for the aerodynamic model

12.4 The Taylor approximation

The first order Taylor expression is stated in equation 12.29. z and u are the state and
input vector. T and w are the operation points for the Taylor approximation found in
Section 12.1.

f(z) =~ f(z,u) + &();(xsn) (x —7)+ a'giu) (u— ) (12.29)

The MATLAB function taylor has been used to find the linearized functions, which is
shown in equation 12.30 to 12.32

FT o0t & — 3189 &y + 556, 77 O — 87524 f; (12.30)
+ 3189 Vigot (Gblade,i) - 25457 8

Fripi &~ — 99,516 21,; — 4525, 5 i, ; — 4525, 5 i — 6666, 7 6 (12.31)
— 274244 B; + 4525, 5 Viip (Bpiage.i) + 42127

TR, A — 71,685 xy,; — 42858 Ty, ; — 76124 &y — 212255 9R (12.32)
— 2,45006E6 3; + 42858 Vtip(gblade,i)
+ 33266 V}oot(ablade,i) + 271666

These equations are linearized functions calculating Fr root,i, FTtip,; and Tr,; for each
blade.
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12.5 Combining state space systems

In order to connect these to the linear model some matrixes are introduced. A By matrix
which take the state vector x as input, and returns the thrust forces and rotor torque in
the input vector unon. The Bs matrix has the uying, used equation 12.33, as input and
returns thrust forces and rotor torque as well.

Uwind = [V;"oot (Gblade,l) %ip (leade,l ) ‘/root (eblade,Q) V:cip (eblade,Q) (1233)
‘/root (eblade,?)) ‘/tip (eblade,?)) ]T

The constant terms that are not contained in these matrixes are collected in a vector
called opv. The three vectors can now be summarized to get the nonlinear input vector

uIlOH‘

Unon = B12 4+ BoUyind + 0pv (1234)

12.5 Combining state space systems

Collecting the state space system with the new matrixes is shown in equation 12.35.

i = A+ B [0 ] (12.35)
= Az + By [ BrotB2ivinatopy ] (12.36)

Ulin

where Ag and By is the linear state space matrixes from Section 11.2.

By is split into two parts, Bs1 and Bgo. By is the first seven columns having upne, as
input, and By is the last four columns of By with the input w;,, which is the generator
torque and pitch reference angles. This is shown in

Bs = [le Bs2] (12.37)

This leads to the following state space system

& = Asx + Bg1(B12 + Batying + 0pv) + Bsaujin (12.38)
= (AS + leBl)iL‘ + [leBQ BSQ] [uf]]‘l:‘]d] + leopv (1239)
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Linearization of aerodynamics

The full linearized model of the wind turbine can now be described as a state space

System.
T = ALCL‘ + BLU
y=CrLx+ Dpu
where
AL = As + Ba B: Bi, = [Ba B, Bg]
CL = 114 DL - 014,10
and

T = |Tp1 Tp1 Th2 Th2 Th 3 Th 3Tt Ty Or O O5 B1 f2 B3

Uwind
| Ulin

= [Vioot (Oblade,1) Viip(Fblade,1) Vioot (Pblade,2) Viip(Fblade,2)

T
V;oot(eblade,S) V;:ip(ebladeﬁ) TG 5ref,1 Bref,Z 6ref,31|

The term Bgiopv is omitted to remove the offset from the Taylor equations.

The full linearized matrixes are shown in Appendix D.

(12.40)
(12.41)

(12.42)
(12.43)

(12.44)
(12.45)

(12.46)
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Chapter 13

Model validation

A complete model of a wind turbine has been collected, and the nonlinear parts of
the model have been linearized. To ensure, that the models is a representation of the
reference wind turbine from FAST, it will now be validated by comparing the full model
with data generated from FAST.

The submodels found in the previous chapters, will all be validated, with a few excep-
tions, this is the wind model which cannot be validated as FAST can only generate a
homogeneous wind field and the pitch system because there is no dynamics in the pitch
system in FAST. Beside these validations that can be compared with FAST will the yaw
torque output from the simulation be described in the end of the validation.

In Figure 13.1, an overall block diagram of the validation process can be seen. A wind
field is used as input, and the different outputs from FAST and the two models are
compared.

—> FAST
Y
Wind _| Linearized N
field | model Compare
A
N Full
model

Figure 13.1: Block diagram of the model validation

Though it is only the aerodynamic model which has been linearized, the output from
here will be an input for other parts of the model, therefor the linearized outputs from
the structural and mechanical model will also be compared.

A homogeneous wind field with a basis speed of 15 m/s has been chosen to form the
basis of the wind field which will be used in this model validation. The reason for this is
that it is above the rated wind speed of 12 m/s, it is in this region the main operation
of the wind turbine will be as a starting point.



Model validation

Around the mean wind of 15 m/s the wind speed decreases and increases in steps of 1-3
m/s. A graph of the wind input can be seen in Figure 13.2. This will act as input to
the FAST simulation, and for the model of the wind turbine model.
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Figure 13.2: Wind input for model validation

As the validation will be conducted above the rated wind speed of 12 m/s, the generator
torque 7¢, will be hold constant since only the pitch is used for control above rated wind
speed. The pitch controller is described in Appendix E, and the output from the pitch
controller is shown in Section 13.5.

13.1 Aerodynamic model

As the submodel, which has the wind field as input, the aerodynamic model will be
validated first. This is done as shown in Figure 13.3, by comparing the output from the
models to the output from AeroDyn.

—> AeroDyn
Y
Wind N Linearized L c
field “laerodynamic model ompare
A
Nonlinear
aerodynamic model

Figure 13.3: Block diagram of the validation of the aerodynamic model

The outputs that will be compared is the thrust force and the rotational torque that is
generated by the two regions of one blade.

Simulating the linear and nonlinear model in MATLAB and comparing to the FAST data
yields the result shown in Figure 13.4.
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13.1 Aerodynamic model
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Figure 13.4: Comparison of thrust force and rotational torque from MATLAB model and
FAST

As it can be seen in Figure 13.4a, is there an offset in the thrust force, this offset is caused
by a difference in the pitch controller which can be seen in Section 13.5, where the pitch
controller is described. Apart from this offset, the behavior of the two is somewhat the
same for both the nonlinear and linear model.

From Figure 13.4b it can be seen that there is a good fit between the model and FAST,
as the level for the three is all alike, and the behavior is the same except for some
oscillations in the model outputs.

Both considered it can be concluded that there is a reasonable fit between FAST and the
models, it is though needed that the first 50 seconds of the simulation is not considered
as both the model and FAST needs some time to settle, this will moreover be the case
for the entire validation.
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Model validation

13.2 Structural model

From the aerodynamic model, a thrust force making a deflection of blades and tower
is passed to the structural model, this model will now be validated by comparing the
deflection of blades and tower, with the output from FAST as illustrated in Figure 13.5.

> AeroDyn —>  FAST
Y
Wind R Linearized N Structural L
field “laerodynamic model model ompare
A
Nonlinear Structural
L .
aerodynamic model model

Figure 13.5: Block diagram of the validation of the structural model

Comparing the structural outputs from MATLAB and FAST simulations, shown in Fig-
ures 13.6 and 13.7, can it be seen that there, as for the thrust force, is an significant
offset for both deflection of tower and blades, this is because the offset from the thrust
force is passed on from the aerodynamic model to the structural model.
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Figure 13.6: Comparison of blade deflection and velocity from MATLAB model and FAST
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13.3 Mechanical model

In Figure 13.6a, the blade deflection is shown. Disregarding the offset is the behavior
almost the same, except for some smaller oscillations in both the nonlinear and linear
model. The blade velocity can be seen in Figure 13.6b where the behavior is alike for
the three plot, except of some oscillations in the two models.
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Figure 13.7: Comparison of tower deflection and velocity from MATLAB model and FAST

For the tower the offset is quite more significant, and it is hard to see a behavior that
can be linked to the output from FAST; however, there is some deflection of the tower,
but it do not vary particularly much.

From the structural model validation it can be seen that a controller probably have to
based on the blade deflections, as the tower deflection do not change with the steps in
the wind field.

13.3 Mechanical model

As the last part, the mechanical model will be validated. The validation is carried out
as shown in Figure 13.8, where a torque is passed on from the two aerodynamic models
to the low speed shaft from where it affects the rest of the mechanical system.
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Figure 13.8: Block diagram of the validation of the mechanical model

The result of the comparison between the models and FAST is shown in Figure 13.9.
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Figure 13.9: Comparison of angular velocities of low and high speed shafts from MATLAB
models and FAST

As it can be seen, the behavior of the low and high speed shaft in the nonlinear model
are more or less alike the output from FAST, the output from the linearized model is
though containing some oscillating. There are small differences in the levels when a

deviation from the mean level occurs, but the main behavior is acceptable.
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13.4 Yaw torque

13.4 Yaw torque

The yaw torque found in the simulation will now be plotted even though a validation
according to FAST is not possible.

In Figure 13.10, the yaw torque output from the simulation is shown.
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Figure 13.10: Yaw torque from simulation of nonlinear and linear model in MATLAB

As it can be seen in Figure 13.10a, the contribution for the yaw torque from a single
blade is symmetric around zero, oscillating like a sine wave.

In Figure 13.10b, the total yaw torque from the simulations is shown. This yaw torque
can be seen as zero, as the maximal value is about 1,258-7 Nm.

13.5 Pitch control in model validation

As previously described, the pitch control in FAST is enabled in the model validation.
This pitch control have been implemented in the model, to be able to make a suitable
comparison, the pitch controller is the same for the nonlinear and linear model. The
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pitch control is described in Appendix E.

Simulating the models in MATLAB with the pitch control implemented gives the result
shown in Figure 13.11, where the pitch from FAST is shown as well.
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Figure 13.11: Pitch controller output in model validation

As mentioned earlier, there is an offset between the controller in the models and FAST,
but the behavior is somewhat the same. The offset in the controller is the main cause
in the earlier results in the validation, where offset have occurred in the comparison of
the submodels.

13.6 Conclusion of model validation

A validation of the full model have now been conducted, and a conclusion can be made.
In all the submodels, the outputs from FAST and the model is somewhat alike.

In parts of both the nonlinear and linear aerodynamic model and the structural model
an offset is present, caused by the pitch controller. Apart from this is the outputs the
same, with the exception of the tower deflection where a more significant difference is
present.

All in all, the derived models are found to be suitable to use for developing a controller
in this project, this controller will later be compared with the controller included in
FAST.
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Chapter 14

Control introduction

A model of a wind turbine have been found, and this model will now form the basis of
the controller design.

In this introduction, the control objective for the project will firstly be described. A
standard wind turbine controller will then be described, as the controller for this project
will have some of the same properties as a standard controller. After this description, the
choice of controller strategy will be substantiated, before the actual controller design is
carried out. The implementation in MATLAB will now be described before a simulation
will show how the controller performs compared with the standard controller.

Firstly the control objective will be determined.

14.1 Control objective

Control objectives for this project is primarily based on the requirements determined in
Chapter 2. These were:

e Lower structural load with main focus on yaw torque
e Less pitch actuation
e Similar power output

compared to the WindPACT 1,5 wind turbine in FAST.

More specifically the control objective can be described as:

e Reduction of yaw torque by 80 % in both fatigue and extreme loads

e Similar energy capture, mean +0,1 % and a variance of 0,01 %

e Similar or lower pitch actuation, measured mean of the pitch actuators and there
derivatives

e The blade and tower deflection must be similar or less

The above control objectives are all in comparison to the FAST controller.

Furthermore, the following constraints be must respected:



Control introduction

e The velocity of the pitch actuator must be below +10°/s
e Blades under deflection may not hit the tower
e Rated power should not be exceeded

A standard wind turbine controller will now be described as this will be used as a baseline
for the controller design.

14.2 Standard controller

How the wind turbine normally is controlled can be seen from Figure 14.1.

Cut out
Wind Power / ¢
’§ ' Turbine Power
= .
5 ‘ Region 3
)
e Cutin
¢ Region 2
Region1 V .- '
0 5 10 15 20 25

Wind Speed (m/s)

Figure 14.1: Power curves [26, p. 46]

This figure shows the power curves, which are the power generated by the rotor torque
and the available power in the wind defined by equations 14.1 and 14.2 respectively [14].

P, = 1rfg (14.1)
Piind = gAV3 (14.2)

TR is the torque applied to the rotor by the wind and Or is the angular velocity of the ro-
tor, p is the air density, A is the area that is covered by the rotor and V is the wind speed.

Cut in is when the wind stream contains enough power for the wind turbine to generate
power, the wind turbine starts without any torque from the generator, when the speed
of the rotor is sufficiently large a torque is applied to the generator, subsequently, the
turbine starts producing electricity. If the wind speed becomes too high there is a risk
of structural damage of the wind turbine, as a consequence, it will be stopped at the
Cut out point in the right of Figure 14.1.
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14.2 Standard controller

Control regions

The control of the wind turbine can be divided into three different regions, as shown in
Figure 14.1.

Furthest to the left is region 1, here the wind turbine is stopped because the energy
in the wind is not powerful enough to induce a rotation of the rotor. In region 2, the
objective is to get as much power out of the wind as possible, this is often done by
keeping a constant pitch angle, and controlling the generator torque to maximize aero-
dynamic efficiency. Region 3 is where the wind turbine captures the amount of power it
is rated to, here collective pitch control is used. Power is among others limited to avoid
structural damage on the wind turbine in high wind speeds [26].

Control of the wind turbine is as described often done by two different control strategies,
one for region 2 and one for region 3, but it is in the transition between these controllers
some of the largest loads is affecting the wind turbines. A way to overcome this problem
is to incorporate an additional controller which switches between region 2 and 3, often
called region 2,5 [25]. In [31], the purpose of the region 2,5 controller is to extracted more
energy from wind in the transition from region 2 to region 3. If the region 2 controller
was used, the speed of the rotor would have to increase too much before going into region
3. The region 2,5 controller secures the rotor reaches rated velocity at the same time as
the generator reaches the rated torque.

Region 2,5 controllers is the field of research which is still in development, and the
optimal structure of this controller is not yet identified [16].

FAST controller

The starting point for the control design is to use the FAST controller structure, shown
in Figure 14.2 and described further in Appendix E, and then improve this.

FLSS eLSS BCO|
L. L.
+ Ccollective > G » Yiss

Figure 14.2: FAST pitch controller for region 3

This part of the FAST controller is used in region 3, where the objective is to keep a
constant speed, which is achieved by changing the collective pitch.

In the figure, r1gg is the reference for the low speed shaft velocity, the error is denoted
by erss, Beor 18 the collective control signal for all three pitch actuators and yrgg is the
current velocity of the low speed shaft.

The control objective along with a standard controller have been described, and the
actual controller design can begin, with a description of the control strategy.
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Chapter 15

Control strategy

Before designing the controller, some of the reasons for the choice of controller strategy
will shortly be considered, whereafter the actual controller will be designed.

15.1 Repetitive control

The control strategy used will be repetitive control (RC), which can improve a control
signal according to periodic disturbances in the system.

In Figure 15.1, the blade deflection for at single blade is plotted, along with a division
into periods by dashed lines. A period is defined by one rotation of the azimuth angle.
The wind field applied in simulations contains a stationary wake, which can be seen at
time instances where the deflection decreases just before every period ends.

=
ol

[y

o
o

Blade 1 deflection [m]

2 4 6 8 10 12 14 16 18 20

Figure 15.1: Periodic blade deflection

Using either RC or iterative learning control (ILC) could help to reduce the effect from
the periodic disturbances a wake would cause, when it is only covering a part of the
rotational plane.

The difference between RC and ILC is the initial conditions and time duration, which
are the same for every period in ILC whereas it can change in RC, which is the case in
the project. Therefore, RC is seen as the most suitable controller.
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Chapter 16

Repetitive control

If there are periodic disturbances to the system, these can, as just described, be sup-
pressed by using repetitive control [29]. The repetitive control is integrated by adding
another control loop to the system that already contains the collective pitch controller,
this is illustrated in Figure 16.1.

I’RC eRC
+ L + i + ‘
Memory Q
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??—> Ccollective _+>O_) G
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Figure 16.1: Repetitive controller added to the standard controller

where ersg and egrc are the error in rotor velocity and the error for the repetitive control
respectively, and (¢, and Sing; is the collective and individual pitch respectively. The
reference for the repetitive control, rrc will be determined in Section 16.1.

The repetitive control will add a control signal, to the collective control signal, which
is individual for the each blade, and only considering the yaw torque requirement. The
collective pitch controller is still present in the system to ensure stability performance
of the system in time domain by keeping the rotor speed at the rated level.

A more detailed exposition of the repetitive controller will know be given.
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16.1 Reference

The references for the system is defined by the requirements for the system, described
in Section 14.1. The power is the primary reference as this is the original purpose of the
wind turbine. In region 3, this is respected by keeping the generator torque at a rated
value and control the speed of the low speed shaft by the use of the rotor pitch. This
is the same method as the FAST controller. Furthermore, is the pitch actuator used to
respect the other requirements, but the use of the pitch actuator should be kept small
to reduce wear of the actuators.

Yaw torque

The value for the yaw torque reference is set to zero, as a minimal yaw torque is desired.
However, the yaw torque is very difficult to control directly, as it is a sum of the yaw
torque from each blade according to equation 16.1.

Tyaw = Tyaw,z,1 T Tyaw,z,2 T Tyaw,z,3, (161)

where Tyaw . 1 is the yaw torque around the z-axis for the k™ blade.

In Figure 16.2, the yaw torque for a single blade and for the entire wind turbine can be
seen. It is shown that the wake effect has a small impact on the each blade. However,
when the yaw torque is summed, the wake effect is clear, as an offset, which is the yaw
torque applied upon the tower around the z-axis.

1 T T T I

I
Yaw torque for one blade
Yaw torque for the wind turbine

Yaw torque [Nm]

1 1 1 1 1
13 13.5 14 14.5 15 15.5 16
Time [s]

Figure 16.2: Yaw torque for the wind turbine and one blade

There exist two solutions to reduce the 7yaw, which will now be described. The trivial
solution, which is not feasible to the problem, as is to apply no forces on the blade and
thereby no energy output from the wind turbine. The other solution is to make the sum
of the yaw torques zero by reducing the effect of the wake.
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16.1 Reference

The yaw torque of each blade is a result of the thrust force affecting the blade, multiplied
by the radius and a sine of the azimuth angle of the blade,

Tyaw,z,k = SIN(PLk) - FT blade,k * Tblade (16.2)

Radius of the blade is a constant and sin(yy) is can not be changed as a constant rotation
is desired. The FT plade,k * Tblade has been illustrated in Figure 16.3 in two versions, one
with a wind field containing wake and one without a wake.

i
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I I

—— Windfield with tower shadow, shear and wake
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Tower shadow effect «— Wake effect
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Time [s]

Figure 16.3: Thrust force for a single blade with and without a wake in the wind field

In the figure, the effect from the wake is marked, as well as the tower effect. From this,
it can be seen that the thrust force is a more obvious choice for control base.

Only the wake effect is desired reduced as the effect from the tower do not contribute
to the yaw torque, and the part of the thrust force not affected by the wake, always will
be present when a rotational torque is applied to the wind turbine. The effect from the
wake be can emphasised by using the sin(yy) part of equation 16.2. Furthermore, is it
desired to have a reference at zeros as the thrust force offset change dependent on the
wind speed, as a higher wind speed will cause a higher pressure on the turbine blades,
and a reference can not be set according to that. Both of these are solved by introducing
an output filter.

Output filtering

As described, it is not possible to set a constant reference of the thrust force. Therefore,
in order to reduce the wake effect, an output filter have been made, which shall ensure
the controller only will compute an input for the system based on the wake effect in the
thrust force. Furthermore, it will be possible to set the reference to zero, as the wake
effect must be reduced as much as possible.

By subtracting the thrust force mean value from the thrust force, the offset will be set
to zero. This is followed by a weighting matrix W, which depends on the azimuth angle.
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Repetitive control

This W matrix shall make the effect from the wake in the signal more clear, as it is
desired. In Figure 16.4, it is graphically shown how this filter will work.

Figure 16.4: Output filter Moyt

The mathematical realization of this filter is shown in equation 16.3, where the output
vector from the system y; is applied to the filter, which leads to z;, this is the output that
should be reduced to remove the wake effect. The matrix W takes sine of the azimuth
angle and weight the output; as only a weight is desired, the sign of sine is removed.

1
1
Mo = | Insn = |1 |- 57 - [T N % (16.3)
1y
[ |sin(-%2m)] 0 0
W= 0 Jsin(&2m)| : (16.4)
: R 0
L 0 0 \sin(%%rﬂ
Zj = Mout * Yy (16.5)

N is the length of the period. Because of the weighting matrix W, the y; vector has to
start with the element corresponding to an azimuth angle of zero. Figure 16.5 shows the
effect of filters. The simulation parameters are the same as used in Figure 16.3; however,
the sample rate has been changed as the filter runs with a different frequency.
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Figure 16.5: The effect of the output filter with and without the W filter. The original
signals are in Figure 16.3

The offset has been removed and the tower shadow effect has been reduced, as desired.
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16.2 Periodicity

16.2 Periodicity

In the repetitive control design, the trial length NV has to be defined. There are different
opportunities in the length of a period. In this design, it is chosen to be one third of
a revolution, because there are three blades. With this choice, the error signal for the
repetitive control is updated three times as often, compared with a trial length of a
whole revolution.

A period time of one third revolution means that the measured signal from one blade
is used for calculating the repetitive control signal for the next. By multiplying the
feedforward signals f;, for the 4 period, by a matrix Q, as in equation 16.6, the single
signal is passed on to the next blade.

fj+1 = ij + Le; (16.6)
o- 1] o

L is a learning filter multiplied with the error signal e;, which will be described later.

16.3 Lifted repetitive control

By making a lifted system of the closed loop system, it is possible to get the full relation
between the system input and states, and the input and the output of the system for a
period of N [28].

As an example, can a discrete system be described by taking the lifted input for a full
period #; and mapping it to a lifted output g; as in equation 16.8 [5, p. 44], temporarily
disregarding internal dynamics.

y; = Ju, (16.8)

where J is a matrix, describing the full system without the initial conditions for the
period. This is called a lifted system, because input and output vectors are lifted into
column vectors creating a matrix map of the system [5, p. 45][30].

A lifted representation is made, of the discretized original periodically varying system,
found in Section 12.5 as

Tr+1 = ALxr + Brug (16.9)
yr = Crxy + Drug (16.10)
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which is made closed loop with the collective pitch controller K

Tp+1 = Aaxr + Baug,
yr = Cazi + Dauy,

where

Ag=A, — BLK
Bg=Bi, Cq=Ci, Dg=Ds

The lifting results in the equations 16.15 and 16.16 [3, 28].

enjin = Frng+ Gpfj + Gud,
yj = Hxn; + Jfj

where the lifted matrixes is defined as

F=4AY, G,=[AY"'By AN7?By
Gw=[AN"'By AY72B4
Ccl Dcl 0
CclAcl Ccchl Dcl
H = . 9 J - .
C(clfélé\lf_1 CclAé\{_chl CClAé\][_QBCI

Acchl}

ACIBCI]

Dcl

(16.11)
(16.12)

(16.13)
(16.14)

(16.15)
(16.16)

(16.17)

(16.18)

(16.19)

It should be noted that matrix By in G, is the last three columns of By containing the

pitch input, and in Gy, is the first six columns of B, containing the wind input.

Furthermore, xy; is the initial conditions of the system states at the beginning of the
jfh period, defined by the final states in the trial Nj— N, y; the measured thrust forces,
f; the individual feedforward pitch signal and d; the wind input in the 4 period.

Some of the vectors in the lifted system is

YN INj
- UNj+1 _ INj+1
Yj; = . ) j= .
UNj+N-1 INj+N-1

(16.20)
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16.4 Full repetitive control system

16.4 Full repetitive control system

Collecting the entire repetitive control structure, with the elements just described, yields
the illustration in Figure 16.6 [3].

Memory Lifted system

E B Q B E awind
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| z .
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Vot fo— faol 1 + Y XNN[ ] XN
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| Y " 1 df
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Figure 16.6: Block diagram of the lifted repetitive control system

The found lifting system will now be the base of designing the controller.

105



Repetitive control

16.5 Design of repetitive control using lifted LQR

The repetitive controller design problem will be formulated as an output-feedback prob-
lem [28, 13]. This makes it possible to calculate the lifted repetitive controller as a state
feedback controller by solving one Riccati equation.

Output-feedback formulation

Only the periodic disturbances shall have influence on the repetitive controller. Equation
16.16 from the lifted system, repeated in equation 16.21 shows the output.

yj=Hzn;+ Jfj (16.21)

and the lifted error can then be defined as [28]:

€ =Uj—Tj (16.22)

For this system, the reference is zero, which implies that the error is equal to the output.
The update of the error passed on from one trial to the next as shown in equation 16.23.

ej =¢j_n — HAzjn — JAf; (16.23)

where the operator A defines the difference between two periods as:

Afy=f—Fin (16.24)
A$]’N == xjN - CL‘]’N,N (1625)
= FAz;ny_N + GAUj + Gy d; (16.26)

The output-feedback formulation can now be described as the linear system S'g¢ [28, 13]:

X; = A Xy +BAf; + B.d;
/ J+N N )J W)
S'RC { ¢ =CXy+DAS, (16.27)
where the state vector Xy € R*™N for this system is:
T
Xy = [y ey (16.28)
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16.5 Design of repetitive control using lifted LQR

with Az;jny € R" and ¢; € RN!. The input is defined as Afj e RNm,

The matrixes of suitable dimensions are given as:

, [ F o0 , G
A = _u Im] , B = [_J], (16.29)
C'=[-H In|, D=[-J], (16.30)
,_ [Gw
B, = K } (16.31)

An output-feedback formulation for controller design have been set, but before the actual
controller design, the observability and controllability conditions will be examined.

Observability

The observability of the system S'grc will be determined, using point 4 in Theorem 4.26
from [1, p. 78]:

No right eigenvector v of A is in the right kernel of C: Av=Xv = Cv#0

which is a condition for observability.

This means if the equations

Av = v (16.32)
C'v#0 (16.33)
is respected, the system is observable. The eigenvectors for the system is v = [m vz] i €
R™ x RV,
Calculating the claim in 16.32 for the system yields:

[5{ fzovz] [Z] - [—HT ; vz] =A [Zﬂ (16.34)

There are to types of eigenvector combinations, the first is (0, v2), which from equations
16.32 and 16.33 yields:
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—H'O+U2:)\’U2
=A=1

CH In) m -

From this it can be seen that the eigenvector (0,v2) respects the conditions.

Another eigenvector is (v1,w), inserting this into equation 16.32 yields:

F 0 v Fuy — )\ U1
-H Iy |w| |-Hu+w| ~|w
Equation 16.33 yields:
U1
[—H Iy [w} #0
It is assumed that the system is not observable, and thereby:
—Hvi+w=0

<~
w = Huv;

(16.35)
(16.36)

(16.37)

(16.38)

(16.39)

(16.40)

(16.41)

As the lifted system in equation 16.15 and 16.16 is observable, the following is valid.

F’L)1 = )\Ul
HUl 7&0

hence

w=Huv; #0

From the lower part of equation 16.38 comes

(16.42)
(16.43)

(16.44)
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16.5 Design of repetitive control using lifted LQR

Hvy+w=w (16.45)

As this violates the assumption of the system being not observable, implies this that the
system is observable.

Remark on observability

Even though it has been proven that the system is observable can it be seen from the
plot in Figure 16.7, that the observability of the last elements are very small, but not
ZEro.
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Figure 16.7: Observability of the system (A’,C’), for N = 40

The reason for the low observability is the lifted matrixes F' and G, in equation 16.15,
contains a high power of the matrix A, from equation 16.10, which means that the
eigenvalues of A is raised up to N times. It can therefore be difficult to use these for
control. The output from the system can though be measured so this will not have an
effect on the controller design.

Controllability

Similar to observability, the controllability of the system S’rc will be examined. This
will be done using point 4 in Theorem 4.15 from [1, p. 72]:

No left eigenvector v of A is in the left kernel of B: v*A = Av* = v*B # 0

which is a condition for controllability.

This means if the equations
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v A =\t (16.47)
v*B #0 (16.48)

is respected, the system is observable. The eigenvectors for the system is v* = [vi‘ U3 ] €
R™ x RVE

Calculating the claim in 16.47 for the system yields:

F 0
[vf  v3] [—H INZ:| = [viF —viH o] =X[v} 03] (16.49)

A possible eigenvector for examining controllability is v* = [v’f 0], which substituted
into equations 16.48 and 16.47 yields:

vt 0] {—if I?VJ —[iF 0] =Av} 0] (16.50)
[vf 0] [_GJ] =vjG #0 (16.51)

which respect the conditions in equation 16.47 and 16.48 as the system in 16.15 (F, G)
is controllable.

*

Another eigenvector for the system is on the form v* = [w vi“], inserting this in

equation 16.47 and 16.48 yields.

F 0
[w* 3] [—H INl:| = [w*F —viH v} =X[w* v} (16.52)
* *k G * *
[w* 3] [—J] =w'G —vyJ (16.53)

If it is assumed that the system is uncontrollable the following is valid

w'G—v3J =0 (16.54)
=
w*G = vyJ (16.55)

From equation 16.52 the following two terms is obtained.
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16.5 Design of repetitive control using lifted LQR

w*F —vsH = \w* (16.56)
vy =Avyg =>A=1 (16.57)

these can be combined to
w(F—1)—v3H=0 (16.58)

It is assumed that (F' — I,,) is invertible, which is allowable as F is stable, and the norm
|F'|| is below one [24]. This yields

w* = viH(F —I,)"! (16.59)

Equation 16.59 can be inserted into equation 16.55:

viH(F - I,)'G =v3J (16.60)
=
vy (H(F —1,) 'G—J) =0 (16.61)

If the matrix H(F — I,)~'G — J has maximal row rank, the system is controllable.

Inspecting the singular values for this system results in the plot in Figure 16.8.
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Figure 16.8: Singular value decomposition for the matrix H(F — I,,)"'G — J, for N = 40

From this is can be seen that the matrix is nonsingular, as non of the singular values
are zero. Therefore, is the system (A’, B’) controllable.

A plot of the controllability is shown in Figure 16.9.
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Figure 16.9: Controllability of the system (A’, B’), for N = 40

This shows that, as for the observability, that the last values is the plot is very poor,
this means that some parts of the system is hardly controllable.

16.6 Model reduction of the output-feedback formulation

It was found, that the system is both observable and controllable, it has also been found
that parts of the system only have small observability or controllability. This causes
some errors, which can not be observed and states that can not be controlled.

By reducing the model, the states with small controllability or observability can be
removed. This is done by performing a model reduction by balanced truncation [1, p.
211]. The procedure is carried out by making a balanced realization, and keeping the
states with the highest Hankel singular values [21]. For this purpose, a transformation
matrix will be found.

The first part of the balanced model reduction is to find the controllability gramian P
and the observability gramian @, which can be done by solving the following Lyapunov
equations

AP+PAT +BBT =0 (16.62)
ATQ+QA +C'C' =0 (16.63)

for example by using the MATLAB function gram. The SVD of each of the gramians is
found

P=US, V' (16.64)
Q=UqSqVy (16.65)
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16.6 Model reduction of the output-feedback formulation

The Hankel singular values are now to be found, firstly by taking the square roots of the
gramians:

Ly = Up/%y (16.66)
Ly = Uy /34 (16.67)

From these square roots, the Hankel singular values are calculated by finding the SVD
of LT L,:
qp

LI Ly = UnSuVi{ (16.68)

Now the transformation matrix T,.q and its inverse Tr;é are found:

1

Tred = LeUuSh (16.69)
1

T =LyVuSy (16.70)

A control of the transformation matrix can be performed as

TreaTiog =1 (16.71)

The transformation matrixes can transform the original system as

[“‘}' 5'] - [TrTed,A/_jIreé TieaB’ (16.72)
¢ D CT 4 D

The transformed system is now arranged in such a way that the states with the highest
Hankel singular value is first, and the ones with a lower value last in the matrixes. With
this arrangement it is possible to reduce the system by removing the lower state, as
shown in equation 16.73, until the wanted order k is reached.

Ak 1:k) B(L:k,:)

(?’(: 1:k) D! (16.73)

SlRC,red =

The transform of the state vector can be done as in equation 16.74, and the other way
by 16.75.

X = TpeaX (16.74)
—1
X =T X (16.75)
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Model reduction applied to the output-feedback formulation

The result from making the model reduction of the system, can be seen in Figure 16.10.
Here the Hankel singular values of the unreduced system is plotted along with two
systems with the order 60 and 100.
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Figure 16.10: Reduction of the output-feedback formulation

As it can be seen, the model reduction not removing the smallest singular values, which
where desired.

Looking at Figure 16.11 is the Hankel singular values of the original system, the lifted
system and the output-feedback formulation.
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Figure 16.11: Hankel singular values

From this figure, the coherence between the closed loop system, and the lifted system
can be seen, as the rightmost part of them are quite similar. Comparing the lifted system
with the output-feedback formulation, it can be seen that the leftmost singular values
of them have the same shape, to a certain extent is the rightmost part of the two also
alike.

Examining the controllability and observability of the reduced systems reveal how the
reduction is affecting the system. The controllability singular values is plotted in Figure
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16.12. Here it can be seen, that the smallest values are removed when the system is
reduced from order 134, which is the original system, to an order of 100. But if the
system is reduced further to an order of 60, the lowest singular value is almost the same.
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Figure 16.12: Singular values of the controllability matrix

Likewise, is the observability singular values is plotted in Figure 16.13. Here it is shown
that the smallest values are removed, when the system is reduced to a order of 100, but
reducing it further does not have any effect of the smaller values.
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Figure 16.13: Singular values of the observability matrix

From the figures shown in this section, it could be seen that a reduction to a order of
100 would remove the smallest singular values, but reducing the system further will not
have any desired effect.
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16.7 Lifted LQR controller design

A reduced output-feedback formulation has been made, repeated in equation 16.76.

S’ A n a
RO éj =C'Xy + D’Afj

A controller L is now found, which can create a change in the feedforward signal as in
equation 16.77.

Afj = —LXy (16.77)

The controller L is found using LQR design.

In LQR design the controller must minimize the quadratic cost function J in equation
16.78.

T(AF;) = /0 T ATy + AF,TRAT, dt (16.78)

@ and R are quadratic weighting matrixes, with the dimensions of the state vector
and input vector, respectively. The weighting matrixes can be chosen to give different
states or inputs larger or smaller influence on the controller design and thereby lastly
the controlled system.

As the state vector has been truncated by a balanced realization, the states with the
best conditions is placed first. It is desired that errors in the yaw torque is reduced, so
an identity matrix has been picked as an initial () matrix; recall that the state vector X
contains all yaw torque errors for one period. The R weight penalize the actuator action,
initially R has been set as an identity matrix and if the constrains for the actuator is
violated, the value of R can be raised to give the pitch actuation a higher penalty.

For computing the L controller, the MATLAB function 1qr has been used. This function
returns a state-feedback gain L, which is used in equation 16.77.

Using 1qr in MATLAB makes necessary to multiply the identity matrix in A’ by 0,99, as
the function otherwise will make an error.

The control design has now been completed, and a implementation in MATLAB will
follow. This implementation is described in the next chapter.
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Chapter 17

Implementation

In order to test the designed controller against the standard controller from FAST, the
system has been implemented in MATLAB.

There are three different sampling time in the implemented system, these are:

e System: 1 ms

e Collective pitch control: 25 ms

e The lifted repetitive control runs three times per rotation: The frequency is the
time it takes for a third rotation divided by collective pitch control sample time

17.1 System and collective pitch controller

The wind turbine system runs with a sample time of 1 ms, where all the states and
variables are updated, and the collective pitch controller with a sample time of 25 ms,
where the pitch angle input to the system is set. These two sample time is taken directly
from the FAST code which works with the same times.

17.2 Repetitive controller

The lifted repetitive controller is executed three times for every rotation. However, it
samples the errors from each blade every time the collective pitch controller is executed.
These error samples are collected into the vector errorvec, which is reshaped, to be
used in the lifted repetitive controller.

The repetitive controller calculates an output for the next third rotation and saves it in
a vector. The individual pitch output is now added to the collective pitch signal every
time it is executed.

Remarks

The rotational speed of the rotor has to be kept steady, as the repetitive controller
memory has a fixed finite length. This should be maintained by the collective pitch
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controller, which has the rotor speed as reference. In the implementation the collective
controller is designed using a LQR i MATLAB.

Furthermore, has no noise been added to the simulation, as it has been prioritized to
focus on the development of repetitive controller. Thereby, all state are sent directly to
the controller. By not taking noise in consideration, the result for the simulation will be
better than in the real world.

17.3 Test of implementation

Testing the implemented controller in MATLAB, with a wind field containing all the
phenomena described in Chapter 4, yields the yaw torque in Figure 17.1, and the pitch
input from the controller in Figure 17.2.
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Figure 17.1: Summarized yaw torque from developed RC controller
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Figure 17.2: Pitch input from developed RC controller

From these two figures, it can be seen that the developed lifted repetitive control behavior
is stable in the plots. However, the pitch actuator has a lot of peaks which are undesired.
This is even when the R matrix in LQR function has been adjusted to a very high value,
to limit the control signal. For these plots R is an identity matrix multiplied by 10&12.
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Figure 17.3: A memory vector with the pitch angle, which is added to the collective pitch.
The value added is dependent on the blade angle. 1 to 123 represents one
rotation, where 1 and 123 is the top of the wind turbine

Figure 17.3 shows the memory vector for one period. There are two peaks in the plot,
in the points at 41 and 123. These peaks continues to be in the memory as the new
memory is based on the old memory, plus the change in input signal Au. These peaks
have some undesired effect on the simulations and should not be there. As no error
occurs, when generating the LQR controller, it should be stable. The error is properly
arising because of a difference in the model and the implementation.

A number of different controller variables have been tried for the LQR controller design,
and wind fields containing fewer phenomena, but the results from simulations are the
same, the system does not behave as desired. To test if the simulation works a simple
test controller has been implemented.
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Simplified repetitive controller

As

the developed controller does not behave as expected, a simplified repetitive con-

troller, with a proportional control gain has been implemented. The control gain was
found by trial and error as well as the factor in the robustness filter Q. The applied
wind field has a nonmoving wake and no turbulence or tower shadow, in order to see the
wake effect more clearly.
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Figure 17.4: Total yaw torque from simplified controller, smoothed with a moving average
filter
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Figure 17.5: Pitch input from simplified controller

Figure 17.4 and 17.5 shows that it is possible to reduce the yaw torque with a pitch
input of +2,5:-3 rad. The small ripples on the control signal is from the discretization
of the wind field.
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Chapter 18

Acceptance test

To evaluate the designed repetitive controller an acceptance test will now be carried out.
The controller will be evaluated according to the requirements from Section 14.1, where
the controller objective were determined. The requirements are:

Reduction of yaw torque by 80 % in both fatigue and extreme loads

Similar energy capture, mean +0,1 % and a variance of 0,01 %

Similar or lower pitch actuation, measured mean of the pitch actuators and there
derivatives

The blade and tower deflection must be similar or less

all in comparison to the FAST controller.

The acceptance test will be carried out by applying a wind field to the a wind turbine
with the developed controller, and the FAST controller, and making a simulation in
MATLAB. Data saved from the two controllers can then be compared to see if the re-
quirements are respected. The MATLAB files used for acceptance test is to be found in
’Acceptance test’

The wind field for the acceptance test will contain all wind phenomena described in
Chapter 4, being a mean wind, tower shadow, wind shear, turbulence and a moving
Gaussian wake.

18.1 Yaw torque reduction

The first requirement to be evaluated is the yaw torque. The requirement for the yaw
torque, was a reduction of 80 %.

In Figure 18.1, a plot of the yaw torque doing the simulation.
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Figure 18.1: Total yaw torque smoothed with a moving average filter

From this it can be seen that the yaw torque have been lowered a bit, as there is a minor
difference between the graphs in the plot. But the requirement was a reduction of 80 %

which is clearly not respected.

18.2 Energy capture

The energy production of the wind turbine should, according to the requirements, be
the rated for the wind turbine, in other words the same as the FAST controller.

The power output in the acceptance test is shown in Figure 18.2.
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Figure 18.2: Output power
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The level of the energy production of the developed controller, is as it can be seen lower
than the rated level, marked in the figure. The FAST controller is moving about the
rated level as required, which implies that the requirement is not respected.
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18.3 Pitch actuation

18.3 Pitch actuation

The level of the pitch actuation should be reduced with the developed controller, as a
higher level of actuation will cause the actuator to wear out faster.

The pitch signal and its derivative is shown in Figure 18.3.
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Figure 18.3: Acceptance test of pitch actuation

It can be seen that the level of the pitch input from the repetitive controller is higher than
the signal from the FAST controller, which not necessarily says anything of the level of
actuation. The actual requirement is about the pitch actuation which can be examined
from the derivative of the pitch input, shown in Figure 18.3b. The level of the derivative
for the repetitive controller is quite bigger than for the FAST controller, meaning that
the pitch actuation is larger as well. Thereby is the requirement not respected.
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18.4 Blade and tower deflection

The last requirement will now be evaluated. This is that the deflection of both blade
and tower should not be more than for the FAST controller.

The result from the simulation is shown in Figure 18.4.
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Figure 18.4: Acceptance test of blade and tower deflection

In Figure 18.4a, it can be seen that the deflection of the blade is somewhat the same,
the deflection is though displaced a little down in the plot.

Deflection of the tower is shown in Figure 18.4b, where it can be seen that the deflection
of the tower is lowered by the repetitive, as the FAST controller is oscillating quite more.

The requirement of a similar or lower deflection of blades and tower is thus respected.

More figures from the acceptance test is to be found in Appendix F. These were consid-
ered to have no importance for the acceptance test.

After the acceptance test a conclusion on the controller development will now be given.
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Chapter 19

Conclusion

In the project a wind field and the Baseline wind turbine have successfully been mod-
eled. The wind model includes a mean wind, tower shadow, shear effect, turbulence and
a Gaussian formed wake. In the aerodynamic model, the blade element theory was used
to describe the effect of the wind on the blades as thrust force and rotation torque. The
deflection of the blades and tower has been modeled by introducing a hinge in each blade
and in the tower, and express them as mass-spring-damper systems. The drive train and
pitch actuator has been modeled as a two linear state space systems. In order to make
use of the linear control the model has been linearized to one single state space model.
The linear and nonlinear model were compared to the FAST wind turbine and the model
was found suitable to control.

In order to control the yaw torque of the wind turbine the reference has been investigated.
It was found that, by adding an output filter to the thrust force output, a reference was
generated which could be used to reduce the yaw torque.

As the wake affecting the wind turbine has been assumed to be quasi static, the response
of the blades are assumed to be similar when they pass through the wake. Thereby the
response from the blades can be see as repetitive, and repetitive control can be applied.

In order to use repetitive control on the multi variable state space model, the system
has been lifted. In the lifted domain the output of one whole rotation is taken in con-
sideration, which makes it possible to use a LQR controller which generates an output
that minimizes the output for a rotation.

The found controller was implemented in a MATLAB simulator based on the linear mo-
del. The response from the controller was not as expected, as the yaw torque was not
minimized. In order to test the simulator, an simple proportional controller was tested
successfully, showing the potential in the method. Thereby the error in the controller
can possibly be a difference between the model and the simulator, which was not found.

In the acceptance test one goal was to reduce the yaw torque by 80 %, this was not
achieved as the repetitive controller was not implemented in a functional way. Due to
this two other requirements, the level of power production, and pitch actuation, were not
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respected either. But even though the controller did not work as intended the deflection
of the tower was lowered to some degree.

From Chapter 2, the following problem statement was defined for the project:

Can a controller, using individual pitch control, be developed, to reduce the yaw
torque under the presence of wake, which is better than the one for the Baseline
wind turbine in the FAST code?

It could be possible, can the conclusion be, as the simple implementation showed the
potential. But in this project, the developed repetitive controller, was not implemented
properly and thereby it can not be concluded, that it is not possible.
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Chapter 20

Discussion

In the project, the designed lifted repetitive control has been implemented in a MATLAB
simulator. However, the benefit of the repetitive controller was not obtained, but some
of the properties were shown. From this it can be seen that more work, could lead to a
repetitive controller, which is able to reduce the yaw torque effecting the wind turbine
significantly.

The project is based on the AeroDyn and FAST wind turbine model and controller.
The FAST controller is a PID, however in this project a state feedback controller of the
collective pitch controller were used instead. The collective pitch controller did not keep
the rotational speed as steady or at the correct level as it was require to get the use of
memory vectors to work properly. This could be seen from the acceptance test, where
the power output was less smooth than the FAST controller, and the level of the power
output was significantly lower as well. The collective pitch controller ought to be stable
such that the power output is stable, and an integration term could pull the output up
to the desired level.

In a simple simulator test, it was shown that it is possible to control the yaw torque. But
the solution did not show any robustness and there were no noise on the input to the
controller, so further work would be needed to make the a better controller performance.

In the simulations no noise was added, as it has been prioritized to get the repetitive
controller implemented before this was added. However, when the controller is imple-
mented and working properly, the next step would be to add noise to the output of the
model. In order to use noisy measurements for control purpose, a state estimator should
be added.
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Appendix A

How to run FAST

In this appendix, it will be described how the FAST simulator works, and furthermore
the procedure to run FAST in MATLAB Simulink and in the command prompt will
be described. The files used in this chapter is placed in [’FAST files’\’How to run
FAST\’] on the attached DVD.

An overview of how the different processors is interacting in FAST is shown in Figure
Al

System | User-Defined
Properties | Routines
A 4 l
FAS AeroDyn ADAMS
Input Files Input Files Datasets
v / \ \ v
FAST [« AeroDyn AeroDyn [« ADAMS
Simulation FAST-to-ADAMS
(exe or Linearization Preprocessor Simulation
Simulink DLL) v y (exe only) (exe only) (ADAMS Solver) |
Time-Series Periodic State Time-Series
Data Matrices Data

Figure A.1: Overview of the FAST processors [15]

As it can be seen, the FAST simulator consists of a number of processors which defines
the properties of the simulated wind turbine.



How to run FAST

A.1 Matlab

To run a FAST simulation, the MATLAB file Run_Self _Made.m is opened, the content of
this file is:

Listing A.1: Run_Self_Made.m

input_fast =’Self_Made. fst’
Read_FAST _Input
sim (’OpenLoop )

The primary FAST file is Self Made.fst in this file all the parameters for the wind
turbine is defines e.g. rotor diameter and hub height, furthermore the simulation time
is defined and files describing the properties of the wind turbine is called. It is also in
this file the outputs of the simulation is defined, a list of the possible outputs is present
in the FAST User’s Guide [15]. It is important that the file structure as shown in the
attached folder is kept, as MATLAB otherwise will not be able to run and will report an
error.

Also the AeroDyn file Self Made AD.ipt is called, in this input file the aerodynamics of
the wind turbine is defined by calling files containing properties of i.e. the blades. From
this file another file Wind\Wind file.wnd describing the incoming wind flow is called.

When the input to FAST is defined the function Read FAST Input.m is called. This
script reads the FAST input file, here Self Made.fst, and from this creates MATLAB
workspace variables which are used FAST.

Finally, the Simulink model OpenLoop.mdl is executed, this could also be done using
the Simulink interface. OpenLoop.mdl contains a FAST S-Function which runs in open
loop with the inputs defined.

The output of FAST simulation in MATLAB is saved in the file Self Made _SFunc.out,
from where it can be imported and analysed further in MATLAB.

A.2 Command prompt

Running FAST in MATLAB Simulink excludes some parameters from the simulation, this
could for example be the initial conditions for the blade deflection. By running FAST
in command prompt more opportunities is present. This will now be described.

Listing A.2: Run FAST in command prompt
C:\ Users \...\FAST>fast Self_Made. fst
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A.2 Command prompt

As for MATLAB, the primary FAST file is Self Made.fst, and furthermore is AeroDyn
file Self Made AD.ipt and wind file Wind\Wind file.wnd determining the parameters
for the simulation. In the folder where simulation is ran the file FAST.exe shall be lo-
cated, this file is the FAST program, which have been downloaded from [23].

The output of FAST simulation in command prompt is saved in the file Self Made.out,
from where it can be imported and analysed further in MATLAB.

When an output from FAST is analysed it should be noticed that the first 50 seconds,
dependent of the individual simulation, should be disregarded, because FAST needs some
time to settle when starting a simulation, causing the first part of the simulation to be
invalid.
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Appendix B

Baseline wind turbine

The model and controller in this project are based on the upwind turbine included in
the FAST test files. This turbine is a WindPACT 1,5 wind turbine, which is a 1,5 MW
3-bladed upwind baseline turbine. A full description of the wind turbine can be found
in [18] and [19]. The relevant data used for simulations is listed in Table B.1.

Variable Value
Rated power 1,5 MW
Rotor diameter 70,0 m
Hub height 84,0 m
Rotor speed range 10,0-20,0 rpm
Rated rotor speed 20,0 rpm
Blade mass 3912 kg
Hub mass without blades 15148 kg
Distance rotor to center tower axis 3,3 m
Nacelle mass without hub and blades 51170 kg
Gear ratio 87,97
Distance rotor plane to main bearing 0,99 m
Cut-in wind speed 4,0 m/s
Rated wind speed 12,0 m/s
Cut-out wind speed 25,0 m/s
Blade pitch range 0-90°

Table B.1: Principal data of WindPACT 1,5 MW wind turbine [19, p. 6]
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Appendix C

Sensor model

A number of sensors are places on the wind turbine to measure some of the variables
included in the model. In this appendix, these sensors will be listed. It is not necessary
to model the dynamics of the sensors since it is assumed that these dynamics are signif-

icantly faster than the dynamics of the wind turbine.

In Table C.1, the used sensors are listed, and the symbols of the variables they are

measuring are furthermore shown.

Measured variable Sensor type Symbol
Generator angular velocity | Speed encoder O
Rotor angular velocity Speed encoder Or
Generator torque Soft sensor e
Pitch angle Encoder Bi
Tower acceleration Accelerometer Tt
Root moment Strain gage Th,i
Wind speed Anemometer \%4

Table C.1: Sensors from the wind turbine [10]

A list of measured variables have here been presented. These can be used in the overall

model to be compared with the states in the full state space model.
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Appendix D

Matrixes from linearization

In Chapter 12, the nonlinear parts of the derived model is found. A linearization of
the model have been accomplished and combined with the linear parts. The full linear
system description is shown in the matrixes found in the following pages.
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Appendix E

FAST reference controller

FAST has an integrated controller, which is used under the validation of the model and
as a reference controller when evaluating the controller. In this project, the focus is
primarily on region 3; therefore, the controller for this region will be of main focus, the
controller for region 2 and 2,5 will though be briefly described.

E.1 Region 2 and 2,5

As it is described in Section 14.2, only the generator torque is used for control in region 2,
and the pitch is kept constant. In FAST, the region 2 and 2,5 control is made according
to Figure E.1 where the different input parameters is defined in the primary FAST file
[15, p. 26].

VS_RtTq
VS_SIPc

(] | Region 3
3 I
o
S
K I
= Il
(e} VS_Rgn2K+(GenSpdA2) I
g |
9]
5 cuein I VS_RtGnS
V] Region21/2 || Y>-RtGnop

Region 2 !l

Generator Speed

Figure E.1: Torque/speed curve for simple variable-speed control [15, p. 26]



FAST reference controller

E.2 Region 3

In region 3, the wind turbine has reached its rated power and the controller has to ensure
that this power is not exceeded. Secondary the controller should try to limit the load
on the blades and tower, in the FAST controller this option can though be switched off.

The rated power is obtained by keeping the generator torque at a constant level and
adjusting the pitch angle in order to keep rotor speed at the rated level. The FAST
controller is written in FORTRAN code and can be found in the FAST files: Source\
PitchCntrl ACH.f90 and CertTest\Pitch.ipt.

In Figure E.2, a block diagram of the FAST pitch controller in region 3 controller is
shown.

. Bref
Saturation |—3»

R Gain PD +
—>| . >
scheduling controller
+
- |
>
controller L
f Anti

windup

Figure E.2: Block diagram of the controller from FAST in region 3

The velocity of the low speed shaft Or acts as an input for the controller, a gain scheduling
is applied to this signal, which is sent through a proportional-derivative controller and
an integral controller, containing anti-windup. These two is summarized and saturated,
and used as pitch reference Byef.

The FAST controller is used for estimating parameters in Chapter 10, to validate the
model in Chapter 13, and in the end used in the acceptance test in Chapter 18 for
comparison with the developed controller.

The FAST controller have been translated into MATLAB code, which makes it possible
to run both controllers in MATLAB, and analyze the data here. The translated FAST
controller is included in *FAST controller’\main.m in a MATLAB script.
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Appendix F

Acceptance test appendix

In the appendix additional figure from the acceptance test is included. These had no
significance for the actual acceptance test, but can be seen here.
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Figure F.1: Low speed shaft angular velocity

0.005

A AT

-0.005 1
-0.01

-0.015

FIICn state [raqj

-0.02

~0.025 I I I I I
0 100 200 300 400 500 600

Time [s]

Figure F.2: Pitch angle on wind turbine



Acceptance test appendix

0.08

0.06 -
0.04-
0.02-

NI.,|||||| i
A Wt
‘ Il

Tower velocity [m/s]

-0.02-
-0.04 -

-0.06
0

‘ |
|I‘V

Fast
Lin
— RC

ll

| |
300 400
Time [s]

I I
100 200

Figure F.3: Tower deflection velocity

I
500 600

0.5
il | I
h‘hlly i | i \‘l“\.,.l‘

-0.5

Blade velocity [m/s]

-15
0

Fast
Lin
—RC

b

!
|

|
300
Time [s]

I I I
100 200 400

Figure F.4: Blade deflection velocity

x 10°

I
500 600

._‘

O

! ”Mf 4 ‘ h i w‘”“

i WM’* wmnm.fpmm\. ‘m,,,‘

Thrust force [N]

i

Fast

H,m

| |
300 400
Time [s]

I I
100 200

Figure F.5: Thrust force on single blade

I
500 600

152



=

Fast
Lin

o
3
T

o
T

|
9

= o
T T

Total yaw torque [Nm]
o
ol
T

|
N
T

| | |
100 200 300 400 500 600
Time [s]

[
N
3

(=}

Figure F.6: Total yaw torque

[
o

Distance fra hub to wake center [m]
o
T
I

| | |
100 200 300 400 500 600
Time [s]

|
a
o
o

Figure F.7: Wake movement in wind field, at the fixed angle 0,57. Sharper vertical lines is
caused by the wake moving across the edge of the wind field and entering in the
opposite side

153



Acceptance test appendix

154



Appendix G

Content of DVD

The included DVD have the following contents:

e Literature from the bibliography
e Digital copy of the report
e MATLAB/FAST files:

— Acceptance test
— FAST controller
— FAST files

How to run FAST
Original FAST directory

Linearization

Lift and drag factor
Pre-pitch of the blade
Width of the blade

— Parameter estimation

Aerodynamic
Mechanical
Structural

— Validation
— Wind model

Simple wind field creation
Gaussian wind field creation
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