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Summary

The increase in size, prize and power production of modern wind turbines con-
tinue to improve the overall economy of their installation and maintenance.
A suitable place to install these mega wind turbines is on the sea as their is
a more stable wind. These water based wind farms are confined to reefs near
land where the construction of the foundations doesn’t become to expensive and
problematic. It has been suggested to build floating wind turbines instead and
thus enabling previous unsuited locations to become potential wind farms. This
thesis investigates control of both wind turbines mounted on solid foundations
and their floating counter parts.

The wind turbine operates over a wide wind speed range and the control ob-
jectives changes over that range. It has been investigated how to identify and
switch between these different modes of operation.

The turbulent nature of the wind causes the control of the gigantic structures to
react within fractions of a second. Such rapid response should cross certain limits
otherwise the fatigue of the actuator systems is greatly accelerated leading to
uneconomic operation of the wind turbine. Model predictive control have been
investigated as a method to keep within these constraints.
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Wind speed

Mean wind speed

Turbulent wind speed

Relative wind speed

Wind power in the absence of a rotor disc
Power absorbed from wind to rotor (driveshaft)
Mechanical power from driveshaft to generator
Electrical power of generator from mechanical power
Generator efficiency

Mass flow of air

Mass density of air

Gear ratio

Rotor blade length and rotor disc radius
Quasi-stationary aerodynamic power coefficient
Quasi-stationary aerodynamic thrust coefficient
Collective pitch of rotor blades

Tip-speed-ratio



vi Nomenclature
Q. [N m] - Aerodynamic torque from wind to rotor (driveshaft)
Qg [N m] - Mechanical torque from generator to driveshaft
xe  [m] - Displacement of nacelle
or  [rad] - Azimuth angle of rotor
¢g [rad] - Azimuth angle of generator
oa  [rad] - Azimuth angular torsion of driveshaft
Q. [rad/s] - Angular velocity of rotor
Qy  [rad/s] - Angular velocity of generator
I, [kg m?] - Moment of inertia of rotor
I, kg m? - Moment of inertia of generator
K, [N/rad) - Driveshaft spring constant
D; [N/rad s] - Driveshaft dampening constant
M, [kg] - Mass of part of tower and nacelle
K, [N/m] - Tower spring constant
D, [N/ms] - Tower dampening constant
Q: [N] - Thrust force on tower
wn  [rad/s] - Natural frequency (of pitch actuator)
¢ [— - Damping (of pitch actuator)

T [s] - Time constant (of generator torque actuator)
x €R"™ - State vector

u €R"™ - Control vector

v. €R"™ - Control deviation vector

z €R™ - Optimization vector

y €R™ - Measured output vector

yr € R"™ - Reference controlled output vector
r €R"™ - Reference vector

d €R™ - State disturbance vector

p €R"™ - OQutput disturbance vector

¢ €R" - Constraints vector

q €R™ - Optimization weight vector
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c RneXne
c R Xnu
c R Xne
c R Xnu
c R=%Xnz
c R"=X"nu
c RnrXny
c R Xna
c R Xnp
c R Xna
c R=%Xne
c RnexXnz
c Rn=Xxn=

State transition matrix

Input matrix

State output matrix

Direct input output matrix
Optimization state matrix
Optimization input matrix
Reference output matrix

State disturbance matrix

Output disturbance matrix

Closed loop state transition matrix
Closed loop optimization transition matrix
Constraints matrix

Optimization weight matrix
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CHAPTER 1

Introduction

The purpose of modern wind energy conversion systems (WECS) is to extract
the aerodynamic power from the wind and convert it to electric power. Today
the most wide spread version of WECS is the horizontal axis wind turbine
(HAWT) with a 3 blade upwind rotor. Before the introduction of variable speed
generators, the rotor speed on the HAWT was kept constant. This constraint
limited the efficiency of the wind power capture. New wind turbines are able
to operate more efficient over a wider range of wind speeds, which has lead to
more sophisticated control strategies with the added degrees of freedom.

Modern wind turbines are controlled by the pitch of the rotor blades, the elec-
tromagnetic torque of the generator and by the yaw of the nacelle. Although
their orientation toward the wind is controlled by a yaw controller this degree of
freedom will be omitted in this project. The reason for this simplification will
be discussed in section 2.1 on page Bl

Traditionally wind turbines are placed on land or on solid foundations if placed
in the water. This limits their deployment to locations of relatively shallow water
because the construction costs of an underwater monopile are to expensive or
technically impossible. Recently it has been suggested to place floating HAWTs
in deep water and anchor them with mooring cables to bottom of the sea.

The concept of a floating HAWT poses new challenges as the vertical stability
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Nacelle
Rotor blade
Tower
Floating hull
Monopile U/ \Mooring line
(a) Mounted tower (b) Floating tower

Figure 1.1: Horizontal axis wind turbines

of the HAWT is heavily reduced by the lack of solid foundation. The chal-
lenges can be somewhat accommodated mechanically by adding supporting and
stabilizing structures with additional construction costs as a drawback. But
the changed dynamics of the HAWT can’t be completely compensated. Modern
control techniques offers the handling of the demanding dynamics within a more
systematic framework thus giving better performance and enhances the ability
of prioritizing operation parameters from an economic point of view.

The displacement of the nacelle is only modeled in the direction of the wind.
Any oscillatory behavior in the other directions and the fact that the motion is
not linear is disregarded in this project. Intuition suggests that such a crude
assumption significantly diverts from the behavior of a real floating wind tur-
bine, nevertheless to keep focus on control methods this simplification has been
decided. The sanity of the simplification will be validated by simulations in the
more elaborate model in HAWC2, which is complex wind turbine simulation
environment developed Risg.



In reality the drive shaft and rotor are inclined 5° from horizontal, this is also
omitted from the model.

Different wind speed means different control objectives, in this project control
objectives for the entire operational wind speed range have been developed.
Advanced control theory known as model predictive control (MPC) have been
implemented to control the wind turbines in all the operating regions. This
is contrary to typical projects that solely focus on the top region of the wind
spectrum to be controlled by advanced methods and leaves the lower wind speed
regions to be controlled by PI(D) controllers or lookup tables.

The report is divided into different parts

I - Modeling and analysis presents linear models of the wind turbine
and control strategies for the different operating modes.

e IT - Theory of methods presents the control theory part of the project.

e IIT - Implementation and results presents the results obtained by
implementing the presented controllers and testing them in Matlab and
HAWC2.

e IV - Conclusion and perspectives discusses the results obtained in
the project and which paths could be taken in the future to extend the
work of the project.

It assumed that the reader of this report has a solid foundation within linear
control theory. More advanced topics such as invariant set theory and static
and dynamic optimization are introduced and explained in the report. The
fundamentals of wind turbine dynamics is explained in the report and a basic
knowledge of physics and mechanical systems is required.
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Part 1

Modeling and analysis






CHAPTER 2

Modeling

This chapter will introduce the different part of a wind turbine and present
linear model models for the subsystems.

Ores Qgyef

Pitch Generator

actuator a((t)}mltl&
Qy
[4 17
Um, A Qr O Pe
€ro-, i g >
5 Wind dynamic dll:"ll\eé‘(blﬁl%t L/ Generator
Totor -
Q.

Q
Flexible

tower

Figure 2.1: Nonlinear dynamic model of a wind turbine and the wind
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2.1 The wind

The variations of the wind speed can be divided into different classifications
based either on time of geography. Geographic classifications can fx. be:

e Water which could be oceans, gulfs etc.
e Coastal land which could be the west coast of Denmark, etc.

e Continental land which is deep inland and far from water.

The wind speeds are typically higher near water than inland. Due to complex
weather systems the wind is also more likely to come from one direction rather
than another (fx. north west). This takes us to another classification where long
time measurements are used to make statistical charts known as wind roses
that show in which directions the usually blows. A change of wind direction
usually takes hours or quarters of hours. Variations with time constants on that
magnitude are not within the scope of this project and should be modeled as
parameter changes or input steps or ramps. Hence the yaw rotation of the wind
turbine is omitted from the project and is assumed to be handled by another
controller.

As just mentioned time variation is also measure that can be used classify the
wind:

e Annual and seasonal variations such as El Ninio and autumn storms
etc.

e Synoptic and diurnal variations is the passing of large weather system
and the difference between night and day.

e Turbulence is caused by friction with surface and temperature differ-
ences.

The annual, seasonal, synoptic and diurnal variations are considered to be a
constant or slowly varying mean wind speed v,, which is modeled as a constant,
a step or a ramp and without any dynamics in this project. The only dynamic
components of the wind which should be modeled is thus the turbulent wind v;.
In a cross section perpendicular the wind direction the turbulent wind can be
divided into a finite or ideally infinite number of point wind velocities. These are
both correlated in time and space. In this project only the time component is
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considered and the wind field is assumed equally distributed for design modeling
purposes.

The wind speed variation can be modeled as a complicated nonlinear stochastic
process but for practical purposes it is an approximation based on a more com-
plex model described in (Ostergaard, [1994) and (Larsen and Mogensen, 2006)

V= Uy + 0t (2.1)

where

_ E(om) |
" s+ Dl 1 SN0 (22)

the turbulent wind model can be formulated in a state space description

D 0 1 ) 0
(Ut> = [_ 1 _p1 (’Um)+p2 ('Wn)‘| <Ut> + k(vm) ] € (23)
t P1 (”ﬂz)p2(v7n) p1 (UM)P2(”M) t Pl('Um)p2('Uan)

The coefficients of the filter can be seen in Fig. ([2.2))

Another factor omitted from the design modeling is wind shear. Wind shear is
the effect that rough terrain has on the turbulence on the wind. The rougher
the terrain, the higher the friction between the surface and the wind. This leads
to the wind moving slower near ground than farther from ground. This again
means that as the rotor passes from top to bottom in its rotation it is subject to
different wind speeds giving and effect that is time correlated with the rotation
speed of the rotor.
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2.2 Wind turbine subsystems

2.2.1 Aerodynamics

From (Burton et all, [2001) and (Hansen, 2000) the following aerodynamic equa-
tions of a wind turbine are given. The available power of the wind in a circular
cross section with the same area as the rotor disc, but with the absence of the
rotor disc is given by

1 1

P, = —1w? = Zpr R*v? (2.4)
2 2

where 7 is the mass flow of the wind, v is the speed of the wind, p is the air

density and R is the radius of the rotor disc.

Only a fraction of the available power P, can be converted to rotor power P,.
The ratio is given by the power coefficient Cp

P, =P,Cp (2.5)

Cp have a theoretical upper limit of 16/27 ~ 0.593 known as the Betz limit. This
is due to the fact the wind cannot be completely drained of energy, otherwise the
wind speed at the rotor front would reduce to zero and the rotation of the rotor
would stop. It can be noted that modern wind turbines have a maximum power
coefficient of about 0.5, which is considered to be the optimum for standard
design horizontal axis wind turbines. The aerodynamic torque exerted by the
wind on the rotor is given by

Q.= P, (2.6)

Besides the aerodynamic torque the wind turbine is also influenced by the thrust
force Q¢ exerted by the wind on the tower and rotor which is given by

1
Q= §P7TRZU2CT (2.7)
where Crp is the thrust force coefficient.

The aerodynamic coeflicients of power Cp and of thrust Cr are given by com-
plicated measurements and calculations, which shall not be discussed here. In
quasi-stationarity, i.e a steady-state mass flow, the coefficients are functions of
the rotor blade pitch angle 6, the rotor rotation speed €2, and the wind speed.
The concept of tip-speed-ratio A is introduced for simpler a notation

v
QR

A

(2.8)
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Figure 2.3: Rotor model. The blue circle represents the rotor disc abstraction.
The gray blades are out of plane deflections, which are not modeled in this
project

0 1°]

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

A -]

Figure 2.4: Top view of Cp curve. The blue line indicates the maximum of
the curve. The region above the blue line is known as the pitch region and the
region below the blue line is known as the stall region
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Leading to the coefficients variable dependencies can be written as Cp(6, ) and
Cr(6,A). It should be noted that in some parts of the literature the tip-speed-
ratio is defined as the inverse of the definition given here.

2.2.1.1 Linear aerodynamic torque

The nonlinear rotor torque is given by eq. (2.0))

P, %pﬁszch( QUTR7 9)

Q=g - e (2.9)

The rotor torque has to be linearized, around a linearization point denoted with
subscript ¢, to implement linear control strategies on the HAWT. The notation
is the same as in|Jannerup and Serensen (2000). Where the subscript o denotes
the linearization points.

1 2,, 3 Ur
P,,,O Epﬂ-R UT‘OOP(QTOOR7 00)

r = = 2.].
Q 0 Q'r‘O QTO ( 0)

The linearization is done with a first order Taylor series expansion of @), with
respect to its parameters v,., €. and #. The A denotes the difference between
the real variable and the linearization variable (e.g. AQ, = Q, — Q).

BQT aQr aQT
~Q. AQ, AD Av, 2.11
Q Qro+ 29, |, + 20 |, + B, v ( )
r0 0 Uro
giving the direct term of a linearized state space model
AQ,
AQ, = {38: . EE|, e ] A (2.12)
ro 6o Vrg Aw
and the individual partial derivatives of eq. (211 are
0Q, 1 0P, P,
@ = - (2.13)
g, Qo Mg, Qo
0Q, 1 0P,
(2.14)
90 |, Qo 99 |g,
0Qr 1 0P,
= 2.15
vy |, Qg Ovr |, (2.15)
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the partial derivatives of P, (given in eq. ([23)) are

ok, = 2 X @10
aazz - %mszms 3@% . (2.17)
gf: o = %PWR23W020P0 + vpo? % Ny ’ gzi o (2.18)
The partial derivatives of A (given in eq. ([Z8)) are

0 r

aér 0. _Q:)QR (219
oA

ol = eroR (2.20)

The partial derivatives (Z21]) and (2:22) on the Cp-curve Fig. (Z3]) can be found
using any number of different numerical interpolation methods.

aCp

=r 2.21
X |y, (221)
dCp

0, (2.22)

2.2.1.2 Linear aerodynamic thrust

The force exerted by the wind on the tower has to be linearized, around a lin-
earization point denoted with subscript o, to implement linear control strategies
on the HAWT. This is done with a first order Taylor series expansion of )y with
respect to its parameters v, €. and 6

8Qt . AQT + @

o g, 20 +

9 ov,

Qt thoJF

- Av, (2.23)

Uro
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the linerization point Qs is given by Q+(€g, 0o, v¢) and the partial derivatives
of Q¢ (given in eq. ([27))) are

8Qt o 1 2 2 (%t 8)\
o0, |, = §p7rR vro” 3y . B0 o (2.24)
8Qt 1 2 2 6ct
—_— - — 2.2
89 60 2p7TR UTO 89 60 ( 5)
aQt 1 2 2 aCt o\
— ZorR%20, Il 2.2
avr - 2p7l'R VroCto + v 0 I N avr - ( 6)

The partial derivatives of A (given in eq. ([Z.8))) are already given in eq. (ZI9)

and eq. (ZI9).

The partial derivatives (Z27)) and (228) on the Cr-curve Fig. (Z6]) can be found
using any number of different numerical interpolation methods.

0CT
A, (227)
oCt
W 90 (2.28)

2.2.1.3 Omitted aerodynamic phenomena

As mentioned earlier the aerodynamic coefficients are only valid under the as-
sumption of a steady-state mass flow of the air. In reality the mass flow does
not settle to a new equilibrium infinitely fast during a transition and contribu-
tions from the dynamics of the fluid (air) should be added to the coefficients.
These contributions are significant and lead to an aerodynamic dampening of
the interaction between the wind and the rotor. If the blades are pitching
fast or even oscillating the actual coefficients might differ significantly from the
quasi-stationary coefficients. Hence, care should be taken not to induce such a
situation during control of the wind turbine.

The rotor blades are bended backwards in steady state operation. This means
the blades are not rotational symmetric with regards to their masses and when
pitched this gives rise to oscillations in both blades and tower. This oscillating
behavior also disrupts the quasi-stationary assumptions of the power and thrust
coefficients.

Another significant phenomenon is the aerodynamic shadow of the tower. It is
especially apparent on new wind turbines with tubular steel towers as opposed
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to older type lattice towers. As the blades pass by the tower, they enter an area
of lower wind speed which gives rise to periodic disturbance correlated in time
with the rotor speed.

And finally as mentioned the wind section, the wind shear is also omitted from
the model.

2.2.2 Electrical generator

The mechanical power captured by the rotor is transfered via the drive train
shaft to electrical generator. The generator impose a electrical counter torque
on the drive shaft and thereby extract electrical power.

Py = P = 9,Q, (2.29)

However, due to less than perfect efficiency, the generator is only able to convert
some of the mechanical power to elecrical power. This is a simplification and
any losses in drivetrain bearings, gearbox etc are omitted and simply included
in this measure of efficiency

Pe = 77Pm (230)

The generator is only able to operate within some limited bounds, generators
with a wider operating range are available but are increasingly expensive.

ngin S Qg S ngaz (231)

0<P.<Puom (2.32)

The electrical counter torque is also subjected to constraints. These constraints
are discussed in subsection 2.2.6] on page 23]

2.2.2.1 Linear generator

op. or,

P. 2P+ AQ, + .
T 0l T 0Qlg,,

AQ, (2.33)
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where
oP,
20, o = Qy, (2.34)
oP, B
20, o = Qq, (2.35)

2.2.3 Flexible drivetrain shaft

The driveshaft transfers power from the rotor to the generator. In steady state
operation the gear ratio between the rotor and the generator are given by a
constant. The gear is assumed free of losses.

Q, = Q,N, (2.36)

The driveshaft on the rotor side is assumed flexible while the driveshaft on the
generator side is assumed rigid. This leads to a dynamic angular displacement,
between the angle of the rotor ¢, and the angle of the generator ¢4, in normal
operation The angular velocities are derivatives of the angles and to simplify
notation, the following definitions are introduced

Q’I“E(i)’f’ QQE(ZSQ ¢AE r T Nt éAEQr_ig

The mechanical flexibility of the rotor side driveshaft is modeled as a rotational
2-mass, 1-spring, 1-damper system where the physical properties on the gener-
ator side of the gear side translated into physical properties on the rotor side of
the gear.

The mechanical equations for the system are (Larsen and Mogensen, 2006)) ,

see Fig. (270

QT' = IT'Q’I' + d.)ADs + (bAKs (2373)
22y
7Q9N9 = IgNg N - ¢AD3 - ¢AKS (237b)
g9

where the angular displacement in stationary mode (qbr =0, (ﬁg =0and ¢p = 0)
is

_Qr _ Q4N

= (2.38)

d’Ao
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Eq. (Z31) can be written in a state space formulation

. D, D. K.

Q, 7T LN, L Q. % 0 0

- Dy s s T

Q | = 7,8, "8z TN, | (2] + |0 _i <Q > (2.39)
N 1 -5 0 N 0 0 .

To determine the parameters of the driveshaft in Eq. ([237) the generator side
of the driveshaft is be fixed, i.e. ¢4 = 0,94 = 0 and ¢, = 0. This enables
the identification of K, Dy and I,.. These conditions in conjunction with Eq.

[237a)) gives
Qr = rQ.Z/;A + Dsd’)A + KS¢A (240)

The simulations on the HAWC2 model seen in Fig. ([2.8)) is used two determine
the parameters of the approximating 2. order model. The approach is elaborated
in appendix [Bl
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Figure 2.7: Mechanical drive shaft model
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Figure 2.8: Step responses of HAWC2 model compared to approximated 2. order
model
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2.2.4 Flexible tower

The force (a.k.a thrust) Q; (eq. 7)) exerted by the wind on the wind turbine
(mainly the rotor) causes the flexible tower to bend and sway. To simplify the
model only the back and forth motion of the nacelle is modeled. The displace-
ment of the nacelle from its original position is denoted x;.

The tower is modeled as spring-mass-damper system not influenced by gravity
(Larsen and Mogensen, 2006), see Fig. ([2.9).

Qt = Mth.t —+ Dti't —+ Ktlﬂt (241)

where the displacement of the nacelle in steady state (#; = 0 and @y = 0) is

- % (2.42)

Eq. (Z4I) can be written in a state space formulation
T 0 1 T 0
Tt M, M, \Tt M,

The swaying movement of the nacelle changes the relative wind speed on the
rotor. If the nacelle moves forward the relative wind speed is higher than normal
and vice versa.

U =V — Iy (2.44)

The simulations on the two HAWC2 models seen in Fig. (2.10(a)]) and Fig. (2.10(b))

are used two determine the parameters of the approximating 2. order model.
The approach is elaborated in appendix [Bl The fact that they don’t match
the model indicates that the real towers have more complex dynamics than the
approximation but that is expected and will hopefully not prove to be a problem.
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Figure 2.9: Mechanical tower model

— Simulink ——— HAWC2 — Simulink ——— HAWC2
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Figure 2.10: Step responses of nacelle displacements approximated to a 2. order
system
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2.2.5 Collective pitch actuator

(This model is taken from [Larsen and Mogensen (2006)). The pitch of the
rotor blade is controlled by a hydraulic or electric motor. The actuator can be
described by a 2. order transfer function where 6,.5 is the desired pitch and 6
is the actual pitch

W20pes = 0 + 20w + w20 (2.45)
giving the state equation
0 0 1 0 0
()= o] ()¢ [f]or o
N~ N— e/ e~ N~
Xo Ay X By

the pitch actuator is only approximated as a linear system and is in reality
subject to several constraints.

emin S 0 S emaw (247)
émin < 9 < émaw (248)
gmzn é 9 é émam (249)

The consequences of these constraints are seen in Fig. (217)).

2.2.6 Generator torque actuator

(This model is taken from [Larsen and Mogensen (2006)). The electromagnetic
torque of the generator can be described by a 1. order transfer function where
Q is the desired torque and @, is the actual torque

Iref g

Qgref = TQg + Qg (250)
giving the state equation
(Qg) = [-2] Qo + [2] Qopey (2.51)
—.—— = =~
XQq Ag, *¥Qq Agq,

the torque actuator is only approximated as a linear system and is in reality
subject to several constraints.

ngin S QQ S ngaa: (252)
Qgpin < Qg < Qgron (2.53)

The consequences of these constraints are seen in Fig. ([212).
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Figure 2.11: Step on constrained pitch actuator, 8,.¢(1) = 1e7° and 6,.¢(6) =
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Figure 2.12: Step on constrained generator torque actuator, Q.‘]'r'ef(l) = 1e7TNm
and Q, . ,(6) = —1e7TNm
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2.3 Level of modeling detail

The controller design model can have various levels of detail. Here is chosen a
model with drive shaft torsion and nacelle displacement. That level of detail
is denoted wt2, whereas wtl only includes the drive shaft and wt0 assumes all
structure to be rigid. Combing the tower ([243)), the linearized thrust ([2.23)

Tp\ _ 0 1 Ty +
0 0 0
L 0Q, Qo+ |1 00| [0+ ] 1 o |vr (254)
My 99| M, 90 |g M, v |,
and the relatve wind speed (Z44]) gives
; 0 1
(mt> = Ky Dy 1 0Q (xt> +
i) T, T A o |, | \3
0 0 0
1 0Q: Q-+ | 1 00, 0+ | 1 2Q. v (2.55)
M 9o M 00 |y M, v |,

Combing the driveshaft (2Z37), the linearized rotor torque ([2.I1J), the tower
241)), the linearized thrust ([2:23)) and the relatve wind speed ([2:44) gives

_Ds + 1 0Q, D, K, 0 1 9Q. b
: I, I, 9%, TN I, I, v
Qr A Qg Dg K Vo QT.
Qg IgNg _19{\}3 IgNg 0 0 Qg
oa | = 1 N, 0 0 0 oA
Ty 0 0 0 0 1 Lt
Ty 109 0 0 —Ko _Do_ 1 99 It
—— | ™M | M, M, T M, ov |, | ~—~—
Xuwt2 Xuwt2
At
1 0Qr 1 0Q-
I. 790 |, 0 1. v
0 1 Vo
0 —1, 0
0 0+ 0 | Q,+ 0 v (2.56)
0 0 0
1 99 0 1 0Q:
M, 06 0o R , M; Ov o
—_——— Q —_———
» BYY, o
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the wind turbine model is then augmented with actuator models

Xowt2 Ao [Biﬂ 0] Bgfz Xwt2
Xg = 0 Ay 0 X0 +
XQg 0 0 AQQ XQg
——
X A, x
0 0 9 BY .o
By 0 (u”f>+ 0 |v (2.57)
0 Bg, |\ 0

B.



CHAPTER 3

Full wind range analysis of the
HAWT

This chapter will explorer the stationary and dynamic properties of the wind
turbine without actuator models over the full operational wind range.

3.1 Operation modes

The objective for controlling a wind turbine is to maximize power production
minimizing mechanical stress on the components of the wind turbine. At least
between the cut-in wind speed v; and the power max wind speed vy. In the
interval

v = [v1;04] (3.1a)
determine
(Q(v),0%(v)) = argmax P.(Q,0,v) (3.1b)
(Q25(v),0% (v))
subject to
ngin < QTNQ < ngaw 1C)
0<nP. < Puiom (3.1d)
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after vy the objective is to keep primary controlled variables at their nominal
values until the cut-out wind speed is reached. The wind turbine has different
modes of operation depending on the wind speed and the properties of the wind
turbine. The limitations of operation are determined by the properties of the
generator, it is only able to work within a limited range of generator speed €,
and generator power P,. The wind turbine can operate in continuous mode
within these bounds

[ Region | v | Q \ nP, ‘
I (’Ul,’Ug) ngin (O,PL)
II (’02,1)3) (ngin’ngam) (PvaH)
II1 (1)3, 1)4) ngaz (.PH7 Pnom)
V| (vg,.) Qe Poom

Table 3.1: Operation modes

The critical wind speeds are the wind speeds where the wind turbine changes
form one mode of operation to another.

NP (01, i, 07) =0 (3.2)

V2 = Qi A" (3.3)

03 = Qppga RA” (3.4)

NP (Va; Qrin, 0°) = Prom (3.5)

o T w [ w [

[ 2.7 [m/s] [ 6.5 [m/s] [ 11.4 [m/s] | 11.6 [m/s] |

Table 3.2: Critical wind speed

The values of the table show a very narrow region III that could be widened by
lowering the generator speed or increasing the generator power, it as arguable
whether or not it should even be included in the control design but for a sense
of completion it has been left untouched.

The figures Fig. B31)), Fig. 32), Fig. (3) and Fig. (34) show the quasi-
stationary values of the variables depicted over wind speed sweep for the floating
wind turbine the only difference between these and those for the mounted wind
turbine is in Fig. B3] where the nacelle displacement is significantly smaller.
There a two versions one with an optimal pitch and one with a fixed pitch. The
fixed pitch version is the one to be used in this project to simplify the control
problem, this will also be explained in chapter [4l
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Figure 3.3:
turbine
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3.2 Dynamic analysis of the HAWT

A sweep of the eigenvalues of the time continuous system gives the following
results for the two wind turbines. Fig. (33]) and Fig. ([B.0) shows plots of the
eigenvalues of the floating wind turbine. For both wind turbines the tables and
figures show that A; and A are fairly constant whereas Ay and A5 are varying
with wind speed to some degree but the real nonlinearity is A3 which varies a
lot with respect to the wind speed.

’ v ‘ )\17 )\2 ‘ )\3 )\4, )\5 ‘
5 | —9.5786 £10.4259; | —0.0220 | —0.0698 £ 0.33321
10 | —9.5796 £+ 10.4250¢7 | —0.0415 | —0.0982 % 0.34613
15 | —9.5818 +10.4228; | —0.1162 | —0.0914 £+ 0.3041¢
20 | —9.5868 £ 10.41807¢ | —0.29575 | —0.0573 £ 0.2904¢

Table 3.3: Eigenvalues of floating wind turbine

’ v ‘ )\1, )\2 ‘ )\3 ‘ /\47 )\5 ‘
5 | —9.5786 4 10.4259: | —0.0223 | —0.0932 &+ 1.9767:
10 | —9.5796 + 10.4250¢ | —0.0470 | —0.1205 & 1.97864
15 | —9.5818 £10.4228: | —0.1032 | —0.1231 £ 1.9713:
20 | —9.5868 £10.41807 | —0.2295 | —0.1153 £ 1.9659¢

Table 3.4: Eigenvalues of fixed wind turbine

The control theory used in this project is time discrete and the continuous
time formulation of the linear dynamic systems has to be time-discretized. The
sampling time is chosen to be Ts = 0.02s giving a sampling frequency of fs =
50H z. From (Poulsen, 2007) we have the zero-order-hold time discretization of
a continuous time system

A = eAT: (3.6)
Ts
B= / eAesBods (3.7)
0
Considering that the fastest eigenvalue in the model is A3 = —0.02 giving a
eigenfrequency of f = % ~ 314Hz the sampling time might not be suffi-

ciently fast, but its has not been a problem in this project, since the eigenvalue
belongs to the aerodynamic pitching dynamics which are not active at the low
wind speeds.
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CHAPTER 4

Control strategies

This chapter will discuss the control strategies for the different operation modes.
The control problem of a plant can be divided into different levels.

e The strategic level is where decisions concerning overall operation are
made. This could be if the wind farm or a part of it should shut down due
to repairs or the production of electricity is greater than the consumption.
The time constants at this level are typically in the range of hours or days.

e The tactical level is where local decisions concerning the local operation
are made. This could be to shut down the wind turbine or to switch from
one mode of operation to another. The time constants at this level are
typically in the range of minutes or seconds.

e The operational level is where the actual control of the plant is being
performed. This could be a PID or LQ controller. The time constant at
this level are typically in the range of milliseconds.

In this project attention will only be on the tactical and operational levels of
control. Figures showing system blocks at either the tactical or operational level
are colored respectively magenta and cyan.
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4.1 The tactical level

The tactical supervisor governs which of the control objectives should be ac-
tive. The supervisor switches between the operation modes with the switching
conditions seen in Fig. ([@I)). The setup is inspired by (Hammerumnl, 2006) but
additional criteria has been added to avoid unstable switching between the op-
eration modes.

The two power levels Py, and Pp are the power levels at the transition between
region I to region II and from region II to region III which can be seen in

Fig. (&)

The primary objective of controlling the HAWT is of course to capture as much
power from the wind as possible. But pursuing this objective without regards to
other factors might prove to be impractical. In the power maximizing regions,
ie. I, IT and III, the operating point on the Cp curve is placed on the flat
top of the C'p curve. It therefore customary to avoid pitching control at these
operating modes to prevent the pitch actuators from being used without much
effect. Furthermore linear control at the ridge of the C'p curve might prove
to be fatal if the wind turbine enters the stall region Fig. (2.4) and the wind
turbine thus reacts opposite of what is expected. It is therefore decided that
the collective pitching of the rotor blades should not be used in regions I, II and
III. Instead the pitch angle is kept constant

0" = 0° (4.1)

which is used as a switching criteria of the tactical supervisor when the wind
turbine goes from region IV to region III.

The power values at the borders of region II are
1 5y*3) 3
Pr, =n-pR’X\*°Q

2 Tmin

(4.2)

1
Py = nipRs)\*gQTf’mx (4.3)



4.1 The tactical level

35

P> Py Pe > Poom
and and
Qg > Qs Q> Q,0, Q> Qg,00
Qg < Qi P. < Py 0 <o
and and
Q< Qy,p0, Qg < Qg

Figure 4.1: Mode transition criteria for the tactical supervisor

K,
—> ! Supervisor
—> K” N U Yk
Switch Plant
s
Kiir —l
>
Ky
1
Figure 4.2: Hybrid controller
Or Supervisor
oMb
Ul
Switch l
Or11 _I—; Uk Yk
Controller Plant
O +—

Figure 4.3: Multi objective controller



36 Control strategies

4.2 The operational level

At the operational level the control objectives for each operation mode has
to defined. In this project they are simply defined by solely focusing efficient
power capture within the allowed mechanical limits. Other operation modes
could focus on these objectives as well as for instance reducing noise or fatigue
damage. There could for instance be several region IV modes where slightly
different objectives where defined for each of them depending on the time of
day etc. The different control objectives could either be controlled different
controllers with different control objectives, i.e. hybrid controller Fig. (2,
or by a single controller with different control objectives, i.e. multi objective
controller Fig. (£3]). The latter could be a nonlinear or gain scheduling controller
but that path will be not be explored in this project.

4.2.1 Pitch controller for region I, IT and III

In region I, IT and IIT the pitch should be fixed. A separate pitch controller
will control the pitch and keep it at the fixed set point. This especially useful
when the controller switches from region IV to region III, where the pitch is in
downward motion which should be carefully stopped and kept steady at the set
point.

r=0=0*=0° (4.4)
u=0rer (4.5)

4.2.2 Low region controller - K;

In region I the wind is to slow to ensure an optimal C'p while keeping the
rotational speed of the generator within its allowed limits. Hence the rotational
speed should be kept constant at its lower limit to capture as much wind energy
as possible. The wind turbine is only controlled with the generator torque.

r=Q,=Q, .. (4.6)
u=0Qq,.; (4.7)
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4.2.3 Middle region controller - K;;

In region IT the primary operational objective is maximize wind power capture
by optimizing C'p. Since no measurement of the effective wind speed is available
another approach has to implemented.

r=P.=nPv) (4.8)

T
u= Qg'r'ef (49)
unless the wind speed is being measured or estimated thats objective is difficult
to obtain directly.

A widely used method known as P2 control can be used to track the optimal
power production. Under optimal operation the following equation holds

1
Pr(v) = §p7TR2v36‘}2 (4.10)
this imply control at the maximum of the Cp-curve, i.e. C} = Cp(A\*,0*). Since
the pitch is fixed at this region only the tip-speed-ratio can be used to maximize

Cp, ie. \* = 5. This results in

r

1
P (v) = §p7rR5/\*3 Q:? (4.11)

—
Ko

this means that the optimal power reference can be tracked by a function de-
pendent on the rotor speed

Pr(v) =~ PX(Q,) = Ko Q3 (4.12)

An adaptive method of this approach have been suggested (Johnson et all, 2004)

Region IT is the only region with a variable reference and the method sanity of
the method is validated in the illustrative example at the end of chapter [l

4.2.4 High region controller - Kj;;

In region III the upper limit of the generator rotational speed is reached but the
upper limit of generator is not. This means that the controller should keep the
generator speed at is maximum to obtain as much power production as possible
in order to optimize Cp.

r=Q, =0, (4.13)
u=0Qg,.; (4.14)
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4.2.5 Top region controller - Ky

In region IV both the upper power and upper speed limit of the generator is
reached and the control objective is to keep both these stable at their desired
set points. Both the pitch and the generator torque is now used to control the

wind turbine.
_ QQ _ ngaw
. ( Pe) _ ( Pmm) (4.15)

_ | Ores
u= (Qgref> (4.16)

it is typically in this region that more advanced control methods is developed
since it is a multiple-input multiple-output control problem.
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Theory of methods






CHAPTER 5

Unconstrained Linear
Quadratic Control

In this chapter an offset-free unconstrained linear quadratic controller is in-
troduced. The offset-free mechanisms of this particular setup (known as dis-
turbance estimation and origin shifting) requires and state observer to obtain
offset-free control. The setup is widely used in MPC implementations since it
enables a method to respect constraints even under the influence of disturbances
and model/plant mismatch, as seen in chapter [

5.1 The standard linear quadratic problem

Linear quadratic control (LQ) offers a systematic approach to control plants with
multiple inputs and multiple outputs (MIMO) and with cross coupling states.
The control problem is stated as quadratic minimization problem that should
resemble the real control objectives of the plant. The minimization problem can
be formulated in discrete- or continuous time and describes the plant progress
within a given future time horizon. In the discrete time case the cost function
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J, with the horizon sample length N, of the minimization problem is

N+k N+k
Jk) =Yzl = > (Bx; + Fu,)" W(Ex; + Fu;) =
i=k i=k
N+k
> xE'WEx; +u] F'WEu, + 2x] E'WEu; (5.1)
i=k Q Q Q

The problem should be formulated such that deviation from the desired op-
erating point of the respective optimization variables is penalized by the cost
function. To prioritize the minimization of the individual variables a quadratic
weight is placed on of them where a high weight indicates that the variable
should be minimized heavily whereas a low weight or even no weight at all in-
dicates the deviation of the variable away from the origo is unimportant. The
unconstrained dynamic optimization problem can be solved using dynamic pro-
gramming. This entails dividing the problem into a sequence of unconstrained
minimization problems, one at each sample, starting from the future incident
i = N + 1 and then iterating through the minimization problems until ¢ = 0.
This approach is described in (Poulsen, 2007, page 100)

The minimal value of the criterion

V(xx) = min J(k) (5.2)

Ee

is given by the (Bellmans equation) recursion
V(i) = min{J (i)} = min{ |z +V (xi1)} (53)
There is no loss beyond the horizon
Vxnt1) =0 (5.4)
this means that the minimal cost at ¢« = N is given by
uy =0 (5.5)

thus giving the the terminal cost (terminal costs can also be defined indepen-
dently, from the rest of the cost function)

V(xn) = xyQaxn (5.6)
a candidate value function is applied

V(xi) = x! Six; (5.7)
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inserting the candidate function (7)) into the recursion (B3] gives the inner
part of the minimization

J() = ||zi| 3y + X 1Simixier = x; [ATS 1A + Q] x;
+ul [BTS; 1B+ Qa] wi +2x) [ATS;11B + Quz] w  (5.8)
the optimal solution to minimization problem is given by

0= aé]é?) =2u] [BTS;11B + Qo] +2x] [ATS; 1B + Quz] (5:9)

the control law with the optimal feed back gain K; which minimizes J(3) is then

w = — [BTS; 1B+ Qa] ' [BTS; 1A + Q127 x; (5.10)

K;

inserting the optimal control law (BI0) into the inner part (B.8]) gives the min-
imal cost

V(Xi) = XZT [ATSi+1A + Ql} X; — XlT [ATSi+1B + le] Kl'Xi (511)
this leads to the recursive discrete-time Riccati equation
S, =Q1 + ATSi+1A — [ATSi+1B + le] K; (5.12)

The minimal total loss of the optimal control strategy is given by the recursion
(E3) and the candidate function (&.71)

V(x) = min J (k) = xi Sgxy (5.13)

ug

For a infinite horizon, i.e. N — o0, the recursive discrete Riccati equation
becomes an algebraic discrete Riccati equation since Sy = Sy 41

Tk = lzlw (5.14a)
i=k

K = [B'SB + Q;] ' [BTSA + Q15" ] (5.14b)

S=Q; +ATSA - [ATSB +Q::] K (5.14c)

The minimal loss of the optimal control strategy is then

V(xy,) = min J (k) = x} Sx;, (5.15)

ur

v =—-Kx; for i=(k,...,00) (5.16)
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giving the closed loop
Xpt+1 = Pxp; ©=A —-BK (5.17)

The infinite horizon can be shown to be stabilizing either by Lyapunov stability
theory or by invariant set theory. The latter approach will be demonstrated
here. A set is invariant if, once a state enters that set it can no longer leave.
So, for instance, a set X is invariant if

X € X = xpq1 €X (5.18)
this implies that
xXp €EX = xpy €X; Vi>0 (5.19)

a good candidate for such an invariant set is an ellipsoidal set X, C X based on
the hessian S determined from the Riccati equation eq. (BI4d)

X, ={xx"Sx<¢)}; S>0 (5.20)

where c is the outer rim of the invariant set. This is similar to local stability in
Lyapunov stability theory. The ellipsoidal set is invariant if

TSP -S <0 (5.21)
shown by inserting eq. (B.I7) into eq. (I8

xFSxp =c= XfHSXkH <c

xpSxp =c=x; ®TSPTx;, < ¢
=c=x} [®7S® — S]x;, <0; Vxz € X
=®"S®-S<0

(5.22)

if no constraints are present then the invariant set can be infinitely large, i.e.
¢ — oo. Similar to global stability in Lyapunov stability theory. The results
presented here are explained in (Rossiter, [2003) and (Blanchini, 1999).

5.2 Offset-free reference tracking

Closed-loop performance of model-based controllers is directly related to model
accuracy. In practice, modeling error and unmeasured disturbances can lead to
a steady-state offset between the desired output and the measured output unless
precautions are taken in the control design. In this section two precautionary
measures will be discussed: 1. Reference tracking error integration Fig. (5.1]) and
2. Shifting of stationary points based on references and modeled disturbances
Fig. (52). It will discussed why the latter approach is superior, especially when
applied to constrained MPC.
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5.2.1 Reference error integration (LQI)

A simple way of ensuring offset-free reference tracking is to integrate the error
between the reference signal and the output signal, augmenting the system with
the reference error integration state and minimize the augmented state in the
controller cost function. This type of LQ controller is sometimes called an LQI
controller where I means integration of the reference error. The LQI approach is
similar to that of the integral part of a traditional PI(D) controller. Reference
tracking error integration has several major shortcomings: Integrator wind-
up when the reference is unreachable, e.g. when another controller is active.
Furthermore, the computational burdens that the augmented system system
puts on the control algorithms increase with the order of the model.

5.2.2 Disturbance modeling and origin shifting controller

This approach was introduced in (Kwakernaak and Sivan, [1972) and have re-
cently been discussed in (Muske and Badgwell, 2002) and (Pannocchia and
Rawlings, [2003) where disturbance modeling has been applied to MPC. Dis-
turbance modeling offers a different approach to achieve offset-free control. The
method involves augmenting the plant model to include a constant step distur-
bance model. The unmeasured disturbances are estimated with an estimator
and their undesired influence on the plant is negated by shifting the origin of
the controller to a new operating point that ensures stable offset-free control of
the plant.

5.2.2.1 Nonzero reference tracking

Before the disturbance rejection concept is introduced, the concept of origin
shifting is presented with nonzero reference tracking. This method works on
a nominal model that matches an undisturbed plant perfectly but does not
guarantee offset-free set point tracking otherwise. The variables are denoted
with subscript  to indicate which steady state target value they should have to
be at a equilibrium point for the desired reference. The steady state equations
of the system are

Xt — Ath + Butk (523)
Vi = Cth + Dutk (524)
Tt = Ytk (5.25)
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Not all outputs can be steered to any number of linear independents references.
In general it is not possible to steer more outputs than there is linear independent
inputs. Thus only a subset of the outputs should be considered when deciding to
track references. The reference controlled outputs y, should be steered toward
the references r. The subset of outputs is defined by the transformation matrix
H

rp = yrj, = H(Cx¢y, 4+ Dugy) (5.26)

giving the linear reference tracking problem known as target calculation or origin

shifting calculation
A-1 B x¢) (O
|: HC HD:| <utk) o <I‘k> (527)

which can only be solved the if problem has full rank and thus as many inputs
and controlled outputs (Pannocchia and Rawlings, 2003, eq. (11))

A-1 B

rank [ HC HD

} =n, +n, (5.28)

The shifted variables are denoted with a subscript s are defined as the difference
between the real variables and the target variables giving the shifted optimiza-
tion variable

(z—2) =E(x—x¢)+F (u—u) (5.29)
—— N—_—— N—_——

Zs Xs Us

5.2.2.2 Disturbance model and estimator

The concept of constant step disturbance modeling can be used to counter actual
disturbances or model/plant mismatch. The disturbances can be modeled as
either constant input/state disturbances, i.e. d

Xk4+1 = Axy + Bgdg + Bug + wyy, (530&)
di+1 = dg + Wayg (5.30b)

or constant output disturbances, i.e. p

Pk+1 = Pk + Wp,, (5.30c)
vi = Cxp + Cppk + Duy + Wy, (530d)
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which can be formulated as the nominal model augmented with the disturbances

Xk+4+1 A Bd 0 Xk B Wxik
dk+1 =10 I 0 di | + [0 | ug + | wag (531&)
Pk+1 0 0 I] \px 0 Wp
—— —— ——
ekt1 A ek B Wek
Xk
Ve = [C 0 Cp] dp | + [D] uy + Wy . (531]3)
D Pk Y
C D

where the state and output noise is assumed zero-mean Gaussian distributed
white noise with the variances vy, vq, vp and vy

Wer, € N(O,Re); Re = diag (rzI rgl r,I) (5.32)
wy, € N(O,Ry); Ry =17, (5.33)

Deciding how to structure the augmented model can prove to be difficult. (Pan-
nocchia and Rawlings, 2003, Lemma 3) states that there should be as many
disturbances as there are measurement

ng +np = ny (5.34)

In order to obtain estimates leading to offset-free control the pair (A, C) should
be observable and the augmented system should have full rank (Pannocchia and
Rawlings, 12003, Theorem 1)

A-1 Bg 0
cC o0 G

rank =Nz +ny (5.35)

Even though this requirement ensure offset-free control, the task of structuring
a disturbance model still remains a problem. It should be noted that state
disturbances trust the measured state itself but not its relation to other states
and inputs. Output disturbances trust measured output but not the relation to
the states and inputs. These relations leads to a rule of thumb for disturbance
modeling

e State disturbances should be included in the disturbance model for each
directly measured state.

e Output disturbances should be included in the disturbance model for
each directly measured output that is not a state directly but a function
of states and inputs.
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Since the disturbances can’t be measured they have to be estimated. Ordinary
or predictive Kalman filters are appropriate candidates for such an estimation.
In this project outputs which are dependent on control signals are present and
the direct term in the output equation is thus not equal to zero, i.e. D # 0.
This leads to the predictive Kalman filter as the appropriate estimator since the
ordinary Kalman filter would have a problem regarding causality.

The steady-state predictive Kalman filter has the form of an optimal observer
ek = Aéy, + Buy, + Ly — 3 (5.36)
1 = Cé; + Duy, (5.37)

and it seeks to minimize the covariance P = E{&T&} of the one-step-ahead
estimation error e

(ehtr — eh1) = (A — LE)&; + W, + Lwy, (5.38)
—_———

€kt+1

The predictive Kalman gain is given by
L =APC”T(CPCT +R,) (5.39)

where the covariance of the estimation error is given by the discrete-time alge-
braic Riccati equation

P =R.+ APAT - APCT(CPCT + R,)!CPAT (5.40)

The design parameters of the Kalman filter is the state, disturbance and output
covariance. Ideally information about state and output noise variance should be
available but the noise variance of the unmeasured disturbances is not available.
So another rule of thumb is given instead. The values are relative and if infor-
mation about real state and output variance is available then the disturbance
variances should be dimensioned according to that.

e State variance should be small.

e State disturbance variance should be small to smooth out the distur-
bance compensation.

e Output disturbance variance should be larger than the state variance
if the state measurement are to trusted more than the linearized output
functions dependent of the states and inputs.

e Output variance should be small.
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The tuning rules presented here might be not make sense if the goal of the
estimator was to estimate a constant step disturbance. But that is not the
purpose of this estimator. The purpose is to compensate plant/model mismatch
where the plant might be nonlinear.

The influence of the estimated disturbances can be rejected by taking them into
account in the target calculation.

Xt — Ath + Bdak + Butk (541)
Ytk = Cth + Cpf)k + Dlltk (542)
i = yrp = Hygp (5.43)
A-1 B (x:\ [ -Bads
|: HC HD:| (utk) B (I‘k — Hcpﬁk (544)

The unmeasured integrating disturbances are not controllable and there is no
point in including them in the dynamic optimization problem. Instead the orig-
inal controllable system should be object of optimization and the disturbances
should only be used to determine an offset-free equilibrium.

Giving the estimated and target optimization variable

7z = EXp + Epf)k + Fig (545)
Zt ), = Eth + Eprk, + Futk (546)

The origin shifted variables are redefined as the difference between the estimates
and the targets

(ik *Ztk) = E(}A(k *th) +F (ﬁk *utk) (547)
—— S—— N—

Zsk Xsk Usp
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5.3 Illustrative example

An illustrative example is given by a Matlab simulation in region II. The con-
troller is the full sensor Kj; controller given in chapter B The estimator is
tuned with 4 different tuning sets:

L [ re [ ra [rp [ 1y |
s1 | le-6 0 le6 | 1le-6
Sso | le-6 0 0 le-6
s3 | 1le-6 | 1le-6 0 le-6
S4 | 1le-6 | 1le-6 | 1e6 | 1le-6

Table 5.1: Estimator tuning sets

The figures Fig. (5.4)), Fig. (50) and Fig. (B.6) indicates that all of the tuning
sets behave similar, on the surface at least. Fig. (&) also shows that Cp is
maximized quickly after the step and the reference control law eq. ([AI2) that
governs Ky works as intended.

A closer look at the generator torque velocity Fig. (57) shows that s3 and sy
with low weights on the state disturbance estimations gives a slower/smoother
response unlike the dead beat response of s; and sy. This is also reflected in
Fig. where the disturbance corresponding to the generator speed reacts
with a dead beat and smooth behavior for the same combination of tuning sets.

Fig. (59) shows that the sets s; and s4 have the smallest overall estimation
error on the selected variables. This is because the output disturbance weights
are high and the output disturbance estimations are thus allows to react fast to
changes.

Overall s4 is chosen as the best suited tuning set since is gives good smooth
estimated which avoids dead beat control but is still able to track output dis-
turbances which is important in chapter [din order to respect output constraints.
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CHAPTER 6

Model Predictive Control

In this chapter the concept of model predictive control (MPC) is presented.
MPC has traditionally found is application at the strategic level of plant control
(see chapter M) because of its heavy computing load. But with the ongoing
development of powerful computers MPC can be implemented at the lower levels
of control which has faster time constants.

A model is either obtained by physical equations or by system responses from
e.g. step inputs. Known respectively as white- and black box modeling. The
model can also be a combination of the two, which naturally is called gray box
modeling. The complexity or order of the model is usually lower than the actual
plant to lighten the computational burden. Only the significant states of the
plant are modeled.

The behavior of the model is predicted based on past measurements and com-
puted future inputs.

6.1 Receding Prediction Horizon

In discrete time the receding prediction horizon constitutes the predictions of
the system for the next N samples, in continuous time the prediction horizon
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have a length T seconds. Only the discrete time case will be dealt with in this
project. The predictions are based on the model and current state properties as
well as any control inputs from the controller. In a time discrete and open-loop
paradigm the predictions would be given by the following equations

Rptit1k = FXetilk, Whti ) 0<i<N (6.1)
Virilk = &Xnilk> Ukti)s 0<i<N (6.2)

where
Xg|k = Xk (6.3)

The actual and predicted progress of a state x can be seen in Fig. ([G.I)). The state
x have until time ¢t = k evolved by the influences of the system dynamics and any
inputs. The future predictions of the state should be controlled by a sequence
of control signals to a desired set-point, the computation of this sequence of
control signals is of course the objective of Model Predictive Control.

Z - predicted state

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

Measured past Prediction horizon Unpredicted future

T - set-point

x - actual future state

k k+N

Figure 6.1: Prediction horizon

The actuation of that particular sequence of control signals might reveal that
the predicted states and the actual states in the future would differ. This could
be due to model/plant mismatch, unknown disturbances etc. With an ade-
quate model at least the initial predictions should correspond to the actual
state progress. The solution to this problem is to only actuate the first control
signal of the sequence and then at the next sample calculate a new sequence
of control signals based on the state at that time, hence using a receding hori-
zon. There exist many variations of this principle, e.g. the prediction horizon
is divided into a controlled horizon and an uncontrolled horizon and if any time
delays exist in the system these can also be incorporated into the framework.
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The predictions could be calculated using dynamic (Belman) programming as

in chapter [Bl or the prediction problem can be formulated to a static problem

where the iterative predictions are gathered in one prediction vector denoted

with a . For a linear system the open-loop predictions can be written as
)A(k+1|k = Ax; + Buy (64)
)A(k_,_2|k = A)A(k_,_uk + Bug1 = A2Xk + ABug + Bug41

(6.6)

)A(k+N|k = A)A(k_;_N_l\k +Bugyn-1 = ANXk; + AN_IBllk + ...+ Bugin_a
(6.7)

where the predicted states in the prediction horizon can be written in matrix
form

Xkt 1|k A B 0 O | w1
Rpio | = |A® |5, 4+ | AB B 0] [ wkte (6.8)
}A(k+N|k AN AN-1B AN—2B 0 U+ N
—_——— N —
Xk 4 B Lk

If the system has unstable modes then the computations of the open-loop pre-
dictions might give cause to numerical problems for large prediction horizons
since the stable modes moves toward origo and the unstable modes move toward
infinity, giving a ill-conditioned problem. This can be remedied by the introduc-
tion of the closed-loop paradigm where the progress of states is computed under
the assumption that they are controlled by a stabilizing feedback controller and
any desired deviation in the control signal is given by the addition of control
deviation signal v.

Uik = —KXppifk + Veri (6.9)
Kpiti|k = ARppije + Blgpik (6.10)

giving the closed-loop description

Rptiti)k = PXpgijp + Bvers; @ = (A - BK) (6.11)
and the closed-loop paradigm state predictions
I 0 0 ... 0 Vi
P B 0 0 V41
xp=|®|x+ | B B Of | Vies2 (6.12)
<I>.N @N;lB @N;QB 0 vk;rN

z L AR
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and the closed-loop paradigm control signal predictions
up= *KdiagngFLk _ deiag[gkarEX)k] +X>k =
— KW dpyx, — K98 —1I)v, (6.13)
= = —

the closed-loop paradigm optimization variable predictions are given by the state

(612) and control (6I3) predictions
ﬂk :Ediagik“eriagH}k _
Ediag[gxk 4 El)k:] T Fdiag[—Kdiagng _ (I(diagz> _ I)X)ky] _
[Edlagg + Fdlanglag‘g] Xk + [EdlagE o Fdlag‘ [I<dla»g£> o IH Vg (614)

—

E1 Fl
—

—

6.2 Constrained Predictive Control

The static formulation of the prediction horizon leads to an alternative to dy-
namic programming to solve the control problem given by eq. (B.)). To simpilfy
notation the following definition is introduced W = Wdiag,

k+N
Z”ZZHW*HZ/CH%K _1) nk =
T T —
( El +u Fi )W(Epq + Fyvy) =
xFByTWE;x;, + 2x) E;TWFy v + viFTWF; v, (6.15)
k1 1Xk kU1 WEL VT Vg T WH1 Vi .
—— ——
a’ Q

Since the prediction horizon is given by the closed-loop paradigm the cost func-
tion variable is the control signal deviation variable v, instead of the control
signal u itself. In an open-loop paradigm the cost function variable would be
Wy In the unconstrained case the optimal deviation control sequence Vo is of
course zero. In the open-loop paradigm the optimal control sequence would be
determined by differentiation of the optimization problem with regards to the
control sequence.

6.2.1 Constraints and feasibility

So far all control problems in the project has been assumed unconstrained.
But as described in chapter 2] the actuators have constraints on their states
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and outputs. Constraints can be divided into two categories of priority: Soft
and hard constraints. Soft constraints are constraints which can be violated
but shouldn’t. A soft constraint could be a limit of temperature, pressure etc.
which would cause an greatly increased damage to the system if crossed. Hard
constraints are constraints which can’t be crossed under any circumstances. A
hard constraint could be the mechanical limits of the pitch of a rotor blade on
a wind turbine. The constraints of the system can be expressed as limits on
optimization variable

Zmin = % = Zmag) Vi e N (616)

which can be formulated as single linear inequality

[ II] 7 < (Z’””‘ ) . VieN (6.17)

- —Zmin

only a subset of the optimization variable might be constrained and a more
compact formulation can be used which only contains actual constraints

Mz; <¢; VieN (6.18)
the linear inequality given in eq. (GI8) can be represented as a polyhedral set

z;€Z2; Z={zlMz=<c}; VieN (6.19)

The optimization variable can expressed in terms of the deviation control signals
and the states and the constraints will only considered within the prediction
horizon

M[Ex; — FKx; +v;] <¢; k<i<N (6.20)

The static prediction formulation of constraints and optimization variable en-
ables the use of quadratic programming (QP) algorithms to solve the constrained
convex quadratic optimization problem. For an elaboration on constrained op-
timization see appendix

1
Y,k = argmin 5&5%37’3 + (ng_%T)X)k (6.21a)
subject to
[Mdiagg]ik < [Ccol _ Mdiag]il)xk] (6.21b)

The first control signal of the computed sequence can then be actuated

ur = —Kxi + v (622)
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Sometimes the problem can be so strict that it is infeasible. This means that
it can’t be solved within the given constraints. This could be due to the fact
the constraints are in fact violated at the beginning of the problem or that
some constraints are contradictive e.g. 1 < z < —1. If optimization of the cost
function is infeasible due to overly stringent constraints one method of handling
this is to introduce a slack variable which try to minimize the violation of the
constraint but removes the violated constraint from the constrains. This won’t
be discussed further since the constraints in this project are assumed to be hard
constraints.

6.2.2 Dual Mode Horizon and nominal stability

The finite horizon problem given by eq. ([GZI]) has a major flaw: It doesn’t con-
sider the systems behavior after the prediction horizon and could inadvertently
be sending the system to a undesired state. This can be remedied by dividing
the problem into a dual mode horizon problem (more modes could be added to
suit a specific problem)

J=J+J+... (6.23)

where each cost function covers a specific part of the prediction horizon and
each cost function can be subjected to different constraints.

In a dual mode setup the first part of the horizon is called the control horizon
is subjected to constraints and is similar to the finite horizon problem in eq.
(E21). The second mode is the prediction mode where the system is assumed
to inside an invariant and unconstrained set. This could be obtained by adding
a dead-beat constraint to the final control signal, i.e. ugyny = 0. But that
requires a long control horizon and result in a very aggressive control.

kE+N N2
T=> lulw+ D lzliv (6.24)
i=k i=k+N+1
Ji Jo

A softer approach is to append the unconstrained infinite horizon problem from
eq. (BI4al) which draws the optimization towards the unconstrained invariant
set the equilibrium point

E+N

J = Z [EAE +X£+N+1sxk+N+1§ Ny — o0 (6.25)
y — "'
i,_/ Jo

J1
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this of means that the prediction horizon is assumed unconstrained. That as-
sumption is not entirely bulletproof which will be illustrated in the example at
the end of this chapter.

The static formulation of the constrained control mode Jj is already given in
eq. ([@2T)). The static formulation of the prediction mode is

_ T _ T s _
J2 = Xy N 1SXRa N1 = X N1 o SKb N1k =
T T T T
(Xk‘ﬁz + Vk.]__‘g )S('I’gxk+1"2vk) =

T T T T T T
X Py SPoxy + 2Xk P, ST, Mk + Yok I'y" ST, Mk (626)

q_2>T %T
where
Rpaniie =@ x+ [@VB @VTB ... B] v (6.27)
B, Ty
2k+N+1|k = E®,x;, + FI's Yok (628)
E. Fo

The dual mode prediction horizon optimization variable is then

71k E F
R N == AR =t Y (6.29)
2Ly N1k E, Fs
—_———
2k B E

The constrained infinite horizon optimization problem can now be written

1
v =argmin S v i [Q1 + Qo] vk + (5% (" +a3")) v (6.30a)
- ———— —_———
Q ar
subject to
[Mdiagg} X)k j {Ccol _ MdiagEXk (6.30b)

Unfortunately the problem is now constrained and X can’t be infinitely large.
A terminal invariant set can be computed via linear matrix inequalities (LMI).
A sanity check can be performed after the calculation of the QP and if the final
state is not within the terminal invariant set then a new problem should be
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formulated with a longer horizon and so on until the final predicted state is
within the terminal invariant set.

Xk+N+1 S Xterminal (631)

That is however not implemented is this project. The prediction horizon is
simply expected to be long enough.

The terminal invariant set can be any type of invariant set suited for the problem
usually a polyhedral set will be the appropriate choice. A conservative candidate
of the terminal invariant set is an ellipsoidal invariant set based on S and with
a outer rim determined off line via LMI’s. If the cost of the second mode, i.e.
Ja, is larger than the outer rim of the maximal allowed invariant ellipsoidal set
then it can’t be guaranteed that constraints won’t be violated in the future.

6.3 Illustrative example

This example will illustrate the behavior of a plant in the autonomous mode 2
of the dual mode control horizon. As an example the linear pitch actuator from
subsection is considered, this is suitable as the state vector of the pitch
actuator is 2-dimensional and thus presentable on a 2-dimensional paper. The
optimization variable is

f L0 1y o
0l=1 o0 I (9) + {_wg] (Orey) (6.32)
é _w72; _2<wn ~—— H,L s,
S——— Xk F
Zk E

The optimization weights are
w=dig((55 & %)) (6.33)
The gain K and hessian S are calculated with eq. (5.14L) and eq. (G.I4d).
Closing the loop gives
Xpr1 = Pxp; P =A —-BK (6.34)
7z, =¥x,; ¥=E-FK (6.35)

The polyhedral set Z given in eq. ([6I9) can be expressed in terms of the
state variable since the control law is fixed and a closed-loop description can be
formed.

x; € X; X ={xM¥x <c} (6.36)
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The boundary of & is defined by the innermost vertices of the inequality.

C{i} = [M‘I’]{z,l} ] + [M‘I’}{%Q} To; 1 <1< ne (637)

A conservative invariant ellipsoidal set can dimensioned to be inside the con-
straints. A good candidate for the invariant set is the invariant set given by eq.

©.20)
X, = {x|xTSx < ¢} (6.38)

due to constraints the outer rim ¢ can no longer be infinitely large and can be
determined by a rather complicated linear matrix inequality (LMI) shown in
(Rossiter, 2003). To keep things simple, ¢ has instead been adjusted manually
by trial and error and determined to be ¢ = 4.01.

The maximal admissible set (MAS) is the set largest possible terminal invariant
set that ensures the autonomous system stays within the constraints for all
future incidents. This implies

XkEX:>X]€+1€X=>Xk+2€X$... (6.39)

which can be written as a polyhedral set

MY ®

MU H2
X, ={x L x = (6.40)

M e

the size of n need not be infinite, an iteration of linear programs (see (Rossiter,
2003)) can determine when the set is sufficient. Any redundant constraints can
be removed from the set. Such clever modifications have not been implemented
in this project, instead a polyhedral set with n = 100 is shown in Fig. (6.2)).
This gives n(+1) X n. (including the original constraints) vertices where not all
are the innermost of the set and are hence redundant.

Three different trajectories with three different starting points are shown. The
three different starting point illustrate where the prediction horizon is at time
N + 1 when mode 2 of the dual mode horizon takes over the control. They are
all within the actual constraints given by X.

The first trajectory s; is within the constraints but not within either of the in-
variant sets, it is seen on the figures that the trajectory violates constraints. The
second trajectory sg starts within the conservative invariant ellipsoidal set X
and remains inside the set. The third trajectory starts just within the boundary
of the MAS X, and remains within that set.
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L [ s [ s [ s |
[ x0 [ (20,-7) [ (=3,-2) [ (17.1,-6) |

Table 6.1: Different starting point of autonomous system

The ellipsoidal set X, is a simple formulation. But the fact that it is quadratic
means that it cannot be implemented directly into the constraints of the quadratic
problem. The MAS X, is very large and can be added to the constraints of
quadratic problem. Neither will however be implemented since the actual im-
plementation of MPC in the project involves disturbance detection and the
constraints and origo are therefore not static (see chapter [). That would re-
quire a robust control formulation of the terminal invariant set with uncertainty
perturbations included in the set (see (Blanchini, 1999) and (Rossiter, 2003)).
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CHAPTER 7

Constrained Linear Quadratic
Control

In this chapter the disturbance estimation and origin shifting from chapter
and the constraint handling from chapter [@ is combined into the constrained
linear quadratic controller (CLQ) which is described in (Pannocchia et all, [2005)
among many other papers and books.

7.1 Constrained target calculation

The target calculation in eq. (5:44]) does not consider violation of constraints
which might lead to an unreachable target, it is apparent that in the case of
constraint violations in steady state the offset-free guarantee given by the dis-
turbance estimation is no longer valid. The target calculation is bounded by
the constraints

Mztk j C (71)

which can be rewritten to the linear inequality

M[E F] (izz) < (c — MEypy) (7.2)
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Instead of the target calculation given eq. (.44 the difference between the
reference and the reference controlled output eq. (5-43]) should be minimized

min |y — Hy,||? =
(Xt Uer)
r o [CTHTHC CTHTHD] [x
(et wi) |prHTHC DTHTHD +

Ut

Qt

tk

2 (—I'EHC + f)ngTHTHC _I‘EHD + ﬁngTHTHD) (itk> n
qt
riry — 1 HCppr — pi Cp H i + i Cp ' HTHCppr  (7.3)

giving the constrained quadratic problem

o1 b'e be
(Xtr, W) = arg min = (x¢f  wp) Qe ( tk) +qe (uzz> (7.4)

(Xt 15Ut ) 2 Utk

which is convex if Q; > 0 and is subject to the steady state requirement in eq.

(A1) and the constraints in eq. (T2).

7.2 Constrained dynamic optimization

The constrained dynamic optimization is origin shifted as in eq. (5471)

Zsk = Zk — 745! (7.5)

where the control signal is given by

U = Ugg, + Usg; Uy = —K (X — Xep) +Vsp, (7.6)
—_——
Xsk
subject to
1 1 1
Zgr?in = ﬁk + Zt(lio = Z:r?aac (77)

The control signal deviation is determined by the quadratic problem seen below
where the first incident of the deviation prediction vector is used

17 T T
Ek:argmmils,kg)ﬁk+(x5kﬂ, )Ek (7.8a)

Vsk
—
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subject to
(M vy, < [e = MO By — 785)
it can be noted that
Zt?gOl _ Ecolxtk + EpCOlf)k + FCOlutk (79)

it is apparent that the terminal invariant sets described in the previous chapter
can’t be directly implemented here. Instead robust formulations of such sets
should be formulated, but that has not been done in this project.

7.3 Illustrative example

An illustrative example is presented. It is the Ky controller designed in chapter
B but with a different set of tuning weights for the controller. These weights
prioritize generator speed higher than generator power. This is opposite to the
tuning of Ky . In the case of a positive wind step in region IV the following
occurs depending on the tuning priority

e High priority generator power leads to a decrease in generator torque
to compensate for the increase in generator speed. This leaves the speed
control more or less in the hands of the pitch actuation.

e High priority generator speed leads to an increase in generator torque
to dampen the generator speed increase. This leads to a generator power
increase, which under normal circumstances is unacceptable. This priority
is more or less the same as the control objective for K; and Kjj;.

The prediction horizon length is NV = 50 in this example whereas the prediction
horizon length is only needs to be N = 20 in chapter [8 because the wind turbine
doesn’t operate on the constraint limits as long as in this example.

q = (1e3 1e3 le-1 le-3 le-1 le-1 lel le-1 1e0 1le2) (7.10)

Fig. (72), Fig. (C3) and Fig. (T4) shows the results for simulations done in
Simulink with a full sensors CLQ controller. The simulations are done both
on the mounted and floating wind turbine. It is seen that the constraints are
not violated and that the wind turbines and controllers react as expected. The
different tower structures give noticeably different responses.
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Figure 7.1: Origin shifting constrained LQ control with state and disturbance
estimation (CLQ)
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Figure 7.2: Step in wind speed and resulting primary controlled variables
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Part 111

Implementation and results






CHAPTER 8

Controller designs

A tactical supervisor is implemented as suggested in chapter @ and the differ-
ent controllers are designed. Any design requirements outlined in the previous
chapters such as controllability and observability checks are honored.

Each controller consist of a origin shifting controller and a state and disturbance
estimator. They are tuned more softly than they would have been if transition
between the operating modes where not an issue. The disturbance estimations
approach ensures somewhat bumpless transfer as the generator switches in since
no integrator wind-up is present. But as it will be seen in chapter [ the switch-
ing criteria makes bumpless transfer impossible since the different controllers
have different control objectives. That is due to the fact that the wind turbine
is subjected to stochastic wind that means that the switching criteria designed
on stationary operation considerations are not sufficient under more difficult op-
erating conditions. This problem becomes especially apparent with the floating
wind turbine. The pitch of the controllers is also designed more conservative
than needed for the Simulink simulations. That is because fast pitching in
HAWCQ?2 leads to a unstable behavior and the simulation fails. In order for the
simulations to be comparable the same tuning parameters have been used both
the Simulink controller and for the HAWC2 controller.
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8.1 Controllers

A common design rule of thumb is to use the inverted square of the linearized
operating point or the maximal value of a variable as tuning parameter and then
multiply the initial guess with an additional weight. The maximal stationary
values of the variables through the wind speed sweep are used as tuning weights.
Except for constrained variables in that case the maximal constraint limit is
used as the initial weight. The weight matrix W contains these basic weights
and the tuning vector q is used to adjust them manually to obtain the desired
performance.

4a=(q1--qn.) (8.1)
2
W:diag< (O ) (8.2)
Zlmaz 2N, max

The pitch controller is only subjected to constraints concerning the collective
pitch and its derivatives. The low level controllers K, K;;; and Kjr; are only
subjected to constraints concerning the generator torque and its derivative. The
top level controller Ky is subjected to constraints concerning both collective
pitch and generator and there respective derivatives. The constraints naturally
only apply for the constrained linear quadratic controller. The prediction hori-
zon length of the CLQ controllers is N = 20.

8.1.1 Pitch controller

The pitch controller has the the following control variables

r=(6) (8.3)
u = (Orey) (8.4)
z=(006)T (8.5)

The pitch controller should slow down and stop the pitch movement when the
wind turbine comes from region IV to region III. A high weight has been placed
on the pitch velocity to obtain that objective. The tuning parameters of the
controller are

q = (le-1 lel le-1) (8.6)
The optimization matrices are
1 0 0 0
E=| 0 1 E, = |0 F=10 (8.7a)
—w?  —2(w, 1 wyy
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8.1.2 KI and K[[[

The K controller is linearized at a wind speed of v = 6 m/s. The Kjj;
controller is linearized at a wind speed of v = 11.5 m/s. They both have the
following control variables

r=(Q,) (8.8)
u=(Qg,.s) (8.9)
z=(Q Qg da T Qy QQ)T (8.10)

The fixed speed controllers should keep the generator speed fixed at its desired
set point using the generator torque as the controlling variable. High weights
have been placed on the generator and rotor speeds variables to obtain that
objective. A high weight has also been placed on the generator torque velocity
to keep it somewhat within its limits. The tuning parameters of the controller
of the mounted tower are

q = (1e3 1e3 le-1 le-3 le-1 lel) (8.11)
(8.12)

The tuning parameters of the controller of the floating tower are
q = (1e2 1le2 le-1 1e-3 le-1 lel) (8.13)

The optimization matrices are

1000000 O 0000 0

0100000 O 0000 0

001 000CO0 O 0000 0
E=loooo0100 of B={ooo o F=|of W

0000O0O0TO0 1 0000 0

000O0O0CO0TO0 -2 0010 1
8.1.3 K,

The Ky controller is linearized at a wind speed of v = 8 m/s and has the
following control variables

r=(P.) (8.15)
u= Q) (8.16)
z= (0 Qg da &1 Qg Qg Pe)T (8.17)
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The power maximizing controller should steer towards the optimal power pro-
duction. A high weight has been placed on the generator power to obtain that
objective. A high weight has also been placed on the generator torque velocity
to keep it somewhat within its limits. The tuning parameters of the controllers
are

q = (le-3 le-3 le-1 1e-3 le-1 lel 1le2) (8.18)

The optimization matrices are

=
I
coocococor
coocoroO
cor~roroOoO
coocococoo
coorooco
coocococoo
coocococoo
_ctlj
|
coocococoo
coocococoo
orrococococo

Qg0

Q
o
L
T
L
T

—ooocooo
5
I

P oMo oo oo

8.1.4 Ky

The Ky controller is linearized at a wind speed of v = 15 m/s and has the
following control variables

r=(Q, P.)T (8.20)
w=(Oref Qgep)” (8.21)
2= Qa7 000Q, Q, P.)" (8.22)

The top level controller should keep the primary controlled variables at their
nominal values. High weight have been placed on the primary controlled vari-
ables to obtain that objective. High weights have also been placed on the pitch
acceleration and generator torque velocity to keep those somewhat within their
limits. The tuning parameters of the controllers are

q = (1le2 1e2 le-1 1e-3 le-1 le-1 1e2 le-1 1e0 1e3) (8.23)
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The optimization matrices are

1 0 000 O 0 0]
01 000 0 0 0
0 0 100 0 0 0
0 0 001 0 0 0
0 0 000 1 0 0
E=10 0 000 o 1 0 (8.242)
0 0 00 0 —w?2 —2w, 0
0 0 100 0 0 1
0 0 000 O 0 -1
0 Qy 0 0 0 0 0 Q)
[0 0 0 0] [0 0]
0000 0 0
0000 0 0
0000 0 0
0000 0 0
Ex=10 00 ol F=1lo o (8.24b)
0100 w2 0
0000 0 0
0010 0o 1
0 0 0 1) [0 0

8.2 State and disturbance estimator

All the controllers are disturbance rejecting origin shifting controllers and thus
require state and disturbance estimations. The estimators are constructed in
accordance with the design rules outlined chapter They are all linearized
around the same wind speed as their corresponding controller. They are all
tuned with the values given in s4 in table Bl

8.2.1 Pitch controller estimator

The pitch controller has a separate estimator that is linear in it self and hence
not linearized around anything.

y = (9 i é)T (8.25)
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The output and disturbance matrices are

1 0 0
c=1o0 1 D=0 (8.26a)
—w?  —2wy w2
0
Cp=|0| Ba= F O] (8.26b)
1 0 1

8.2.2 Full sensor

The full sensor estimator has available measurements of all the variables being
estimated.

- . T
v= (20 Q65w i 5006 Q, Q, P.) (8.27)

The output and disturbance matrices are

[ 1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 —w% —2Cwn 0
0 0 1 0 0 0 0 1
0 0 0 0 0 0 0 —
0 Qe O 0 0 0 0

A
o
b
0
=4

=
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(8.28b)

8.2.3 Reduced sensor

The reduced sensor estimator lacks measurements of drive shaft torsion, nacelle
displacement and nacelle velocity.

.. . T
v= (% Qi 000Q,Q,P.) (8.29)

The output and disturbance matrices are

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0

0 0 0 0 0 1 0 0

C= 0 0 0 0 0 0 1 0
0 0 0 0 0 —w? 2w, 0

0 0 1 0 0 0 0 1

0 0 0 0 0 0 o -1

0 Qp 0 O 0 0 0 Q]

—~
(0]
w
o
&

~—
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(8.30D)
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8.3 Implementation

The calculated controller and estimator parameters are loaded to the controllers
in the simulation. In HAWC2 the parameters are imported from an file gener-
ated by Matlab.

At each sample the following actions are taken by the hybrid controller

1. All estimators are updated with current measurements
2. Tactical supervisor determines which controller is active

3. Active controller computes and actuates control signal (if this is not Ky
then the active controller computes the generator torque while the pitch
controller controls the collective pitch)



CHAPTER 9

Simulations in Simulink

In this chapter simulations done in Matlab/Simulink are presented.

9.1 Full sensor ULQ/CLQ

In this section a turbulent wind with a up and down going mean wind speed
(5 m/s to 15 m/s to 5 m/s) is used to test hybrid controller performance with
regards to operations mode switching and general performance of the individual
controllers. Both an the ULQ and CLQ hybrid controllers are tested. Both the
CLQ and ULQ controllers have full sensor estimators.
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Figure 9.1: Point wind speed at hub height and operation modes of hybrid
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Figure 9.2: Point wind speed at hub height and operation modes of hybrid
controller (Floating tower)
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Figure 9.3: Primary controlled variables (Mounted tower)

— CLQ ULQ — Constraints

I I I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

x10°

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 9.4: Primary controlled variables (Floating tower)
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Figure 9.5: Secondary structural controlled variables (Mounted tower)
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Figure 9.6: Secondary structural controlled variables (Floating tower)
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Figure 9.8: Collective pitch and derivatives (Floating tower)
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Figure 9.9: Generator torque and derivative (Mounted tower)
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Figure 9.10: Generator torque and derivative (Floating tower)
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The figures show that both of the hybrid controllers perform acceptable. The
floating tower is performs worse than the mounted tower. This is as expected.

The figures also show switching criteria doesn’t work optimal. The only time
constraints are active are when the hybrid controller switches from on controller
to another. If for instance K;V is active and the wind speed drops, then it takes
some time before the pitch reaches the switching limit. In that period of time
the generator speed is falling below its nominal value. That causes the gener-
ator torque to increase to keep the generator power stable. When the hybrid
controller finally switches to Ky it directly switches again to K;; because of
the small wind range of K;;;. Now the generator speed is low but the generator
torque is high. K sets its generator torque according the generator speed and
the generator torque drops to its new set point as fast as possible. This conflict
of objectives leads to a less than bumpless transfer between the controllers. Not
because of the controllers themselves but because of the switching conditions.

The switching criteria are determined by stationary considerations and are not
sufficient in a dynamic situation, especially for the floating tower. The tuning
weights of the controllers could be changed to prioritize this concern, but that
would give worse normal performance. Additional controllers suited for the
different situations could be designed or another set of switching criteria could
be defined, fx. based on each controllers controllers control signal.
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CHAPTER 1 0

Simulations in HAWC2

In this chapter simulations done in HAWC2 are presented. Sadly is has not been
possible to carry out extensive stochastic simulations with the CLQ controller.
The program continuously fails at some point before the simulation finishes.
That has not been a problem with the ULQ controller. HAWC2 is not able to
start the simulation at any operating point except a total stands still. This fact
has given cause to a high time consumption when trying to find errors in the
implementation.

10.1 Stationary comparison of HAWC2 vs Simulink
model

In this simulation a deterministic wind speed staircase from 3 m/s to 22 m/s
is used to compare the stationary values of the Simulink and HAWC2 models.
Furthermore the dynamic responses can be compared also be compared. The
simulations are performed with the full sensor ULQ controller.
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Figure 10.1: Wind speed and operations modes of hybrid controller (Mounted
tower)
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Figure 10.2: Wind speed and operations modes of hybrid controller (Floating
tower)
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Figure 10.6: Main actuator variables (Floating tower)
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The behavior of the Simulink and HAWC2 simulations is quite similar, but a
offset in stationary values of the collective pitch Fig. (I05]) and Fig. (I0.0) is
observed. This discrepancy is correlated with the unmodeled out-of-plane tip
deflection of the rotor that occurs in HAWC Fig. and Fig. .
The discrepancy affects the rest of variables in the simulations and leads to
offset in nacelle displacements etc.

In the HAWC2 mounted tower simulation both wind shear and tower shadow is
enabled. In the HAWC?2 floating tower simulation tower shadow is disabled due

to simulation errors. This is clear to see in Fig. (10.9(a)|) and Fig. (10.10(a))).

10.2 Full/reduced sensor ULQ

In this section a turbulent wind with a up and down going mean wind speed
(5 m/s to 15 m/s to 5 m/s) is used to test hybrid controller performance with
regards to operations mode switching and general performance of the individual
controllers. Since it hasn’t been possible to perform full scale simulations with
the CLQ controller only the ULQ controller is tested in this section. It is tested
both with a full sensor estimator and a reduced sensor estimator.

The simulations show generally good performance both by the full sensor ULQ
and by the reduced sensor ULQ hybrid controllers. The reduced sensor floating
tower simulation shows however a quite oscillating behavior of the wind turbine
as it switches from Kj; to Kjy. And again the issue of timely switching between
the operation modes is not working satisfactory. Especially in the reduced sensor
floating tower simulation. It is seen in Fig. (I0.I4]) where the generator power
is a good deal above the nominal value before the tactical controller switches
from K[] to K[\/.

Fig. (I0.19) and Fig. (I0.20) shows the unmeasured estimates of the reduced
sensors estimator belonging Ky . It is clear that the estimates are more accurate
when the wind turbine is actually in the Ky region.
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Figure 10.11: Point wind speed at hub height and operation modes of hybrid
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Figure 10.12: Point wind speed at hub height and operation modes of hybrid
controller (Floating tower, ULQ)
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Figure 10.14: Primary controlled variables (Floating tower, ULQ)
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Figure 10.17: Secondary structural controlled variables (Mounted tower, ULQ)
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Figure 10.18: Secondary structural controlled variables (Floating tower, ULQ)
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CHAPTER 1 1

Conclusion

In this chapter conclusions and results will be drawn from the different parts of
the report.

11.1 Modeling and analysis

Two models have been developed: A mounted tower model and a floating tower
model. They have been approximated as linear 2. order dynamic systems
dimensioned through experiments in HAWC2. The nonlinear dynamics of an
aerodynamic rotor have been linearized at the appropriate operating points. The
driveshaft of the wind turbine have been modeled as a linear 2. order dynamic
system and it has been dimensioned through experiments in HAWC2. Different
operating modes have been identified to ensure maximal power production and
honoring requirements to the mechanical limits of the generator.

Tactical operations mode switching criteria have been established to enable
switching between the individual controllers of a hybrid controller. All the
considerations on these issues have been on stationary conditions and the later
chapters have shown that more elaborate switching criteria are required.
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11.2 Theory of methods

The origin shifting and disturbance rejecting controller have been presented. It
enables set point tracking and offset-free control. The infinite horizon model
predictive controller have been presented. There are unsolved issues concerning
constraint violations in the infinite horizon but this issues has not proofed to
be a serious problem in the implementation of an constrained linear quadratic
controller. The constraints in this project have however only been on linear
well-known subsystems. How the CLQ controller behaves if constraints where
on the nonlinear variables have not been subject to attention.

The entire CLQ formulation is time-discrete and has a built-in observer. This
makes the CLQ suited for real work applications and enables implementation
in other simulation suites such as HAWC2.

11.3 Implementation and results

CLQ and ULQ controllers have been designed and tested in Simulink and
HAWC2 with satisfactory results. It has sadly not been possible to perform
long stochastic simulations with the CLQ controller in HAWC2 due to software
problems. But the controllers have nonetheless proofed to work over the entire
wind range and with reduced sensor information available. The Simulink simu-
lations have also shown that CLQ controller is able to honor constraints under
stochastic conditions with switching of controllers.

The designed switching criteria have been seen not to be sufficient for bumpless
transfer of controllers at certain situations.

Comparative simulations between Simulink and HAWC2 have shown minor dis-
crepancies between the two models. Tower shadow and out-of-plane blade tip
deflection are among the more significant ones resulting in slightly different
behavior of the two models.

It has been established that control of floating wind turbines poses new problems
but it is definitely possible to overcome these problems and establish good robust
control via MPC and more detailed investigations in terms of bumpless transfer
between controllers.
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Perspectives

On the modeling side of the project attention should be paid to tower shadow
and rotor dynamics as these are seen to differ from the model developed in this
project. A better model of the rotor dynamics might also enable pitching at
lower wind speeds to ensure better power capture.

The control design model could also be augmented with a wind model to give
better performance and enable a gain schedueling controller. The CLQ formula-
tion is based on linear models. Instead nonlinear and even robust MPC-methods
could be investigated to give better performance. A nonlinear robust formula-
tion might enable a multi objective controller that was able to switch been the
different operating modes internally and thus giving a smoother transition from
one operating mode to another. Adaptive or system identification methods could
also be incorporated into the controller framework to give better performance.

Implementation of controllers on HAWC2 have been difficult. The libraries used
to program the CLQ have not been optimal and debug is made difficult since
HAWC2 is unable to start the simulation at any given different operating point.
Integration between Matlab and HAWC2 would be desirable and thus only one
controller development was required. It is possible to create dll-files with Matlab
but it has not been explored in this project, that could perhaps be a shortcut
in terms of controller development.
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On a more general perspective in can be noted that advanced control meth-
ods such as MPC is definitely the future of wind turbine control. Many other
objectives could integrated into the framework such component fatigue priori-
tization, accoustic silencing prioritization etc. depending on the location of the
wind turbine and on the time of day.
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Appendices






APPENDIX A

Notation

Scalars are typed in lower case italic style: x1 where 1 € R

Vectors are typed in lower case roman style: x = (x1,2,...7,)? where x € R"
and encased in parenthesis brackets (.. .)

A column of repeated vectors is denoted with an super ¢!

xeol = | (A1)

A matrix, i.e. A € R™*™ is typed in upper case boldface style and the scalar
elements are type like seen below

a1 a1,m [Al{11} [Al{1,my
Qn,1 An,m [A}{n,l} [A]{n,m}
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A matrix of diagonal matrices is denoted with an upper 4128
A 0
Adiag _ . (A3)
0 A
A positive definite matrix is written as
A>0 (A.4)

A row-wise linear inequality is written as

A0 (A.5)
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System parameters

B.1 Parameter identification of a mechanical 2.
order system

This approach is described in (Jannerup and Serensen, 2000) and (Poulsen,
2007) Newtons second law applied to a classical linear motion spring-mass-
damper mechanical system gives the following differential equation

2 d
Q) = M o5 w(t) + D a(t) + Ka(t) (B.1)

which can be transformed from the time domain to the Laplace domain
Q(s) = Ms®xz(s) + Dsx(s) + Kx(s) (B.2)
and reformed to a transfer function

x(s) 1

o)~ HW = e o (B.3)

if subjected to a step at time tg

. 0 if t < to,
Q) = {QSS if ¢t > t. (B-4)
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in Laplace

Qs

S

Q(s) (B.5)

In steady state which given by ¢ — oo in the time domain and equals s — 0 in
the Laplace domain

Kxgs = li_r% sH(s)Q(s) = Qss (B.6)

giving the spring constant

Qs

‘rSS

K = (B.7)

this can be compared to the standard formulation of a 2. order system given in
Jannerup and Serensen (2000)

Y (s) 1
= B.8
U(s) s?+2s+1 (B5)
where
In(M,
72 + 1n*(M,,)
Wy = —1 (B.10)

i-¢

which can be determined from the step response overshoot ratio M, and damped
frequency fy

Mp _ Ymax — Yss (Bll)
Yss
wq = 27 fq (B.12)
giving
K

D = 2w, M (B.14)
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[ No. [ 1 [ 2 | 3 |
Q le6 2e6 4e6

0 4e-7 4e-7 4e-7
Xinaz | 1.8e-3 | 3.6e-6 | 7.1e-3
Xgs 1.1e-3 | 2.3e-6 | 4.6e-3
M, 0.57 0.56 0.55
fa 0.60 0.60 0.60
¢ 0.18 0.18 0.18
Wn 3.84 3.84 3.84
8.7e8 | 8.7e8 | 8.7e8
5.9e7 | 5.9e7 | 5.9e7
8.0e7 | 8.3e7 | 8.3¢7

SliSks

Table B.1: Drive shaft step responses

[ No. | 1 [ 2 [ 3 |
Q 2eb 4eb 8eb
Xo -1.6e-2 | -1.6e-2 | -1.6e-2

Xmaz | 2.4e-1 | 4.8e-1 | 9.5e-1
Xss
M,

1.2e-1 2.4e-1 | 4.8e-1
1.01 0.97 0.96
fa 0.31 0.31 0.31
¢ 4.4e-3 | 6.5e-3 | 1.2e-2
Wn 1.98 1.98 1.98
K 1.6e6 1.6e6 1.6e6
K 4.3eb 4.2eb5 4.2e5
D 7.4e3 1.1e4 2.0e4

Table B.2: Fixed tower displacement step responses
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[ No. [ 1T | 2 [ 3 |
Q 2ed 4ed 8eb
Xo -2.7e-1 | -2.Te-1 | -2.7e-1

Xmaz 7.7 15.4 30.9
Xss 3.9 7.8 15.7
M, 0.99 0.97 0.96
fa 5.3e-3 | 5.3e-3 | 5.3e-3
¢ 3.2e-3 | 8.9e-3 | 1.1e-2
Wn, 0.34 0.34 0.34

K 5.1eb 5.1eb 5.1eb

M 4.5e5 4.5e5 4.5e5

D 9.7e2 2.7e3 3.5e3

Table B.3: Floating tower displacement step responses
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B.2 Mechanical data for NREL 5MW wind tur-

D DD D D

ERERER

§ 58§85 % 3
3 8

:
3
S.
3

Srmmzd

P

SESE

TESRE

B

bine

5e6 W

122.91 rad/s
70.16 rad/s

25 °

5 °

8°/s

-8°/s

15 ©/s?

-15 ©/s?

1.25 kg/m?

97

63 m

90 m

5.9154e7 kg m?
500 kg m?
8.7354e8 N/rad
8.3478¢7 N/rad s
4.4642¢5 kg
5.0871ed N/m
3.5159e3 N/m s
4.2278e5 kg
1.6547¢6 N/m
2.0213e3 N/m s
0.88 rad/s

0.9

0.1s

Nominal generator power

Nominal generator speed

Minimum generator speed

Maximum collective pitch angle

Minimum collective pitch angle

Maximum collective pitch angular velocity
Minimum collective pitch angular velocity
Maximum collective pitch angular acceleration
Minimum collective pitch angular acceleration
Mass density of air

Gear ratio

Rotor blade length and rotor disc radius
Height from surface to center of rotor
Moment of inertia of rotor

Moment of inertia of generator

Driveshaft spring constant

Driveshaft dampening constant

Mass of part of floating tower and nacelle
Floating tower spring constant

Floating tower dampening constant

Mass of part of mounted tower and nacelle
Mounted tower spring constant

Mounted tower dampening constant
Natural frequency of pitch actuator
Damping of pitch actuator

Time constant of generator torque actuator
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APPENDIX C

Constrained optimization

C.1 Convexity

In order for a minimum to be determined the function to be optimized should
convex (and concave for maximization). Convexity means that between any two
points within the function a straight line can be drawn without the line gets
outside the interior of the function.

The minimum is a global minimum if the function is positive definite (and a

maximum if the function is negative definite). From (Slotine and Li, [1991) we
have the following definition

Definition C.1 (Positive definite function) A scalar continuous function
V(x) is said to be locally positive definite if if V/(0) = 0, and in a ball Bg,

z#0 =V >0

If V(0) = 0 and the above property hold overt the hole state space, then V()
is said to be globally positive definite.

The definition means that a function a positive definite if V(x) — oo for x — .
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In this project only linear control theory is applied and all of the functions to
be optimized are matrices. A matrix is positive definite if the eigenvalues of the
matrix are positive.

The following notation is used to indicate positive definiteness in this report:
A>0

C.2 Linear and Quadratic Programming

Quadratic programming is particular type of optimization capable of handling
linear matrix equalities and inequalities. (Boyd and Vandenberghe, 2004, Page
152)

x* = argmin %XTQX +q7x (C.1a)

s.t.
Ax=b (C.1b)
Cx <d (C.1c)

where x € R™, Q € R™*" If the quadratic matrix Q is positive definite, then
the problem is convex and a global minimum can be determined. If the problem
is only subjected to equality constraints then the problem can be reformulated
to an unconstrained optimization problem.

If Q = 0 the problem becomes a LP problem instead. As a side note the Simplex
algorithm is a LP-method.

If the size of decision variables increases so does the required number of iterations
to determine a constrained suboptimal solution. That means that the QP-
algorithm usually have a upper limit of iterations, but that limit should be
increased if the QP problem itself is increased.

The QP problem is solved either an interior-points method that utilizes the
fact the function is convex or active-sets method travels along the constraints
towards the optimum. The underlying method is in it self not interesting but is
still debated which underlying methods are best suited for MPC.
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C.2.1 Implementional issues

To ensure the symmetry of the quadratic matrix due to numerical issues the
following method can be used

Q=;[Q+Q"] (C.2)

N |
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APPENDIX D

HAWC?2

Hawc2 is FEM simulation program developed by Risg. The controllers are
implemented as dll-files and their interaction with HAWC is defined in a htc-
file, which also defines the HAWC2 model.

http://risoe-staged.risoe.dk/business_relations/Products_Services/
consultancy_service/VEA_aeroelastic_simulation.aspx

D.1 Models

The mounted tower is modeled as a tower of 10 elements based on a monopile.
On the floating tower model an extra element is added between the tower and
monopile. This elements is extremely flexible and emulates the floating motion
of floating wind turbine.
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Figure D.1: Structural composition of ¢32f (Floating tower)



D.2 Programming 125

D.2 Programming

Unfortunately the controller developed for HAWC is not sufficiently stable (seen
from a programming point of view) and time and time again the program stops
halve way into the simulation with an error message saying that no memory
could be allocated to a GSL routine.

D.2.1 IDE

The dll files used by Hawc2 are programmed in C and the integrated devel-
opment environment (IDE) is Bloodshed Dev-C++ and it is available for free
under the GNU General Public License (GPL)

http://www.bloodshed.net/devcpp.html

D.2.2 Used libraries

Besides the standard libraries: The GNU Scientific Library (GSL) is a numerical
library for C and C++4 programmers. It is free software under the GNU General
Public License.

http://www.gnu.org/software/gsl/

It is however a Windows port of GSL that have been used
http://gnuwin32.sourceforge.net/packages/gsl.htm

In addition an GSL extension has been used to solve the quadratic programming
problems developed by Ewgenij Hiibner it is called CQP

http://www.mathematik.uni-trier.de/ huebner/software.html
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D.3 Implementation

The controller parameters are calculated in Matlab and exported to a txt-file
which the dll-file reads when it initializes.

The CQP package by Ewgenij Hiibner requires equality constraints in its func-
tion call so the QP problem have been augmented with and additional decision
variable which should be equal to zero, i.e. vgyn1+1 = 0.



APPENDIX E

HAWC2 CLQ simulation

This appendix shows that a CLQ controller have been developed for HAWC?2.
The simulation only activated the generator torque velocity constraints.
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Figure E.1: Point wind speed at hub height and operation modes of hybrid
controller (Mounted tower)
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Figure E.2: Primary controlled variable (Mounted tower)
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Figure E.4:

Generator torque and derivative (Mounted tower)
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