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Abstract

In the next decennia, upscaling even towards 10 MW wind nedimay be necessary to lower the
costs of offshore wind energy. This requires consideraluleatons of turbine loads. Variable speed
turbines with active pitch control are most favorable anelvpiling nowadays. Currently, the tur-

bine blades are turned collectively to limit the excess afdypower and to regulate the rotor speed
above rated wind conditions. To reduce the blade and toveeislat has been shown that Individual
Pitch Control (IPC) is much promising. A multivariable cortconcept using advanced feedback-
feedforward control method is implemented for IPC and is carag with the traditional scalar con-

trol concept. The advantage of using such a control concejgasshown.
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summary

The appetite for energy in Europe and the World in general cieasing at a tremendous rate. Wind
energy, a renewable form of energy, needs to be utilised thillappetite for energy. But the disad-
vantage of wind energy is that it is expensive when compardle direct costs fossil fuels. Hence
to reduce the cost of production the general idea is to bailger wind turbines and to move them
to offshore locations where the wind speed is higher. Butfsuccessful implementation of such
schemes certain issues such as maintenance and relisliggs of wind turbines should be solved.
The thesis “Individual Pitch Control for large scale wind tinds"aims at providing a solution for
one of the above issues - reduction of fatigue loads on tloe dddes and thus maintenance costs.
In order to achieve the desired results the following issue® tackled.

The previous researches that have taken place in the field midodl Pitch Control for both the
helicopter industry and the wind industry were reviewed. rmmaesuitable control approach was cho-
sen based on prior reviews and results. This control appribetiwill be discussed in this thesis is
multivariable H, control with feedforward wind disturbance rejection.lreasibility study the above
chosen control technique is analysed, based on a simpletuibithe model, and is compared with
scalar control technique adopted by [van Engelen and Van deftk2003)]. A more detailed anal-
ysis of these two control techniques is performed using TURBhEre a detailed specification of a
2.5 MW wind turbine. Finally the conclusion of the controltgrsign and some recommendations for
controller performance improvement are provided.

The most important conclusion is that we can use advancebtdekdeedforward multivariable con-
trol designs for reducing the 1P and 2P blade loads.

This report has been presented as a master of Science Thesis alffOrJuly 25, 2007.
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Horizontal Axis Wind Turbines

Individual Pitch Control

Higher Harmonic control

Collective Pitch Control

Energy research Centre of Netherlands

Single Input Single Output systems

Multiple Input Multiple Output systems

Proportional and Integral

Linear Quadratic Gaussian

Rotor Blade radius

Blade effective wind speed

Pitch angles for blades 1, 2 and 3

Pitch angles in coleman domain for rotor orientation (caxial, tilat and yaw)
Azimuth angles of blades 1, 2 and 3

fore-aft displacement of the tower

Sidewards displacement

Leadwise blade root bending moments of the blades (i =1,2,3)
Tilt moment at rotor centre

Blade bending moments in the coleman domain (i = 1,2,3)
Wind in Coleman domain

Rotor speed

Inertia of the rotor

Generator torque

Aerodynamic torque

once per/twice per/thrice per revolution

Axial force

Sidewards force

Mass of the tower

spring coefficient of the tower

damping coefficient of the tower
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1 Introduction

1.1 Background

The world of today is energy hungry and the appetite for eneiigjyonly increase in the future as
and emerging countries such as Brazil, India and China,iméliease pressure on the already high
energy demand from developed countries. The dramatic isergafuel prices and the economic
and geopolitical risks associated with imported fuels haewed to the top of the political agenda.
Meanwhile, the negative effects of climate change and pofluare becoming ever more apparent.
The rise of world temperature is no longer a question of “it’awquestion of “how much’and “by
when”, as clearly pointed out by the Intergovernmental PaneClimate Change, [Watson (2001)]
widely taken as the ‘consensus of the scientists’. Climatnge is also disturbing the water cycle,
which has dramatic consequences for electricity prodogietterns. The global energy challenge of
our time is to tackle the threat of climate change, meet sgingidemand for energy and to safeguard
security of energy supplies. Wind energy is one of the mdsiceé¥e power technologies that is
ready today for global deployment on a scale that can hekpetalsese problems.Wind power can be
installed far quicker than conventional power stations.sTia significant factor in economies with
rapid growth in electricity demand.

The current trend in wind energy is to place the wind turbineffshore locations. This has many
advantages such as availability of higher wind speeds awdtlgbulence at offshore locations, size
of rotors can be increased without the need to worry abolit ¢hspace and affecting agricultural
and living spaces. Moreover a new estimate from researah&tmnford University puts the figure of
energy production capacity available worldwide in offghlarcations to 72 TW [Archer and Jacobson
(2005)].

1.2 Motivation

Presently the wind turbine manufacturers are involved idpcing wind turbines with higher rated
powers which means rotors with larger diameter. The sizehefdtor diameter of a commercial
wind turbine with rated power capacity of 3 MW is about 100 1@ Ineters. Prototype wind turbines
(5 MW) with a rotor diameter up to 126 meter exist. But inciegghe rotor diameters also intro-
duces asymetric loading of the rotor blades [Hansen (20@0) Kuik et al. (2003)]. This combined
with the fact that maintenance and constant supervisionird vurbines at offshore locations is ex-
pensive and very difficult, means that we need a more reliabigal technique for fatigue and load
reduction. Many control technigques have been put forwardhis purpose which include individual
pitch control [Bossanyi (2003a); Caselitz et al. (1997)) #mgelen and Van der Hooft (2003); Larsen
et al. (2005)].

Individual pitch control is an attractive option for loaditection for many reasons [Bossanyi (2003a)],
some of which are

« Commercial turbines nowadays have individual pitch acitsafor each rotor blade, hence no
physical adjustment needs to be made for implementatioR©f |

» Load reduction through modern control systems is morediyeaand cheaper in comparison
with designing mechanical systems to cope with large loads.

» The technique aims to reduce the asymmetric loads due tospieed variations across the rotor

disc, and these loads are becoming more significant as turdiiowes get larger with respect to
the size of typical turbulent eddies in the wind.

1.3 Problem formulation

At ECN, research on individual pitch control has already ksk@me using classical control techniques
[van Engelen and Van der Hooft (2003)]. Their approach [van Emgend Van der Hooft (2003)]
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is based on the decoupling of the multivariable control wbinto three time invariant scalar con-
trollable loops by a coordinate transformation under ttsaamption that these three scalar loops are
completely independent of each other.

* the collective control loop (rotor speed control)
* the tilt control loop

* the yaw control loop

The feasibility study was based on a simplified design and etialumodel as generated by TURBU,
ECN's linear analysis and simulation code for Horizontal#Wind Turbines (HAWT) [van Engelen
(2007)]. Higher blade bending and higher tower bending reodlere taken out of consideration,
even as phenomena like unsteady aerodynamics. Quick doawstisat the three control loops are
not fully independent (orthogonal) in simulations with raaletailed models.

The aim of this thesis is to investigate a multivariable colntechnique that could be used for IPC
that takes into account the non orthogonality of the scabapls.

This problem has solved in four steps as follows.

« analysis of various IPC methods.
 analysis of various candidate control techniques.
« feasibility study of a chosen multivariable control tefue on a simple wind turbine model.

« stability analysis and performance improvement with theern control technique compared
to the original three scalar control loop.

1.4 Outline

This chapter provided an introduction into the subject of thesis and presented the problem formu-
lation. The remainder of this report consists of five chaptArbrief overview of these chapters will
now be presented.

e Chapter 2 describes the development of IPC from the hekcapdustry and how IPC is utilised
in the field of wind energy. A brief overview of the multibladeardinate transformation that
has been utilised in various research papers is also pauidéis Chapter.

» Chapter 3 discusses the necessary theoretical backgofunditivariable control techniques
including decoupling of the multivariable problem into kxgroblems whose results will also
be provided in Chapter 5.

e Chapter 4 describes the method of control design for nasitible control. In this chapter a
feasibility study, showing how a wind turbine model for nindtiable control is generated, is
discussed. Furthermore comparison between the multivarzaimtrol and the classical control
approach is made to study the advantages of the new approach.

e In Chapter 5, the final analysis in TURBU, of the new control rapgh is compared with
classical control approach to show the importance of takit@account the non-orthogonality
of the system.

* Finally, the_ main conclusions from this research will bevdtaand recommendations for future
work are given in 6.
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2 Introduction to Individual Pitch Control (IPC)

2.1 Introduction

Blade pitch control has primarily been used to limit aeraayiic power in above rated wind speeds
in order to keep the turbine within its design limits and téimize energy capture at below rated con-
ditions. Collective pitch control techniques have beercessfully utilised for this purpose [Bossanyi
(2000); Van der Hooft et al. (2003); Wright and Balas (2002ffut as rotor size increases there
is an increased interest in utilising pitch control to alkde loads experienced by wind turbines by
pitching the blades individually. The basic technique ofvittlial pitch control is borrowed from the
helicopter industry where scientists like Johnson [Johr{8882)] and Lovera [Lovera et al. (2003)]
have done work in this field.

2.2 Individual pitch control in the helicopter industry

Load reduction using blade pitch action has been investiggten for a long time in the rotor craft
industry. Johnson has worked on the problem of advancediaeamics and multi cyclic pitch con-
trol (precursor to the modern cyclic pitch control problddghnson (1982)]. Lovera in [Lovera et al.
(2003, 2004)] analyse the stability of IPC and Higher Harra@ntrol (HHC) for rotor helicopters
based on discretized periodic models derived through fihdements, with modal coordinate trans-
formation using T-matrix algorithm [Lovera et al. (2003)] i¢h converts the 1p and its harmonic
responses in a fixed frame of reference . In [Lovera et al. (3a68)authors discuss the perfor-
mance of a SISO periodic HHC compensator. This discussionl@ifetl by a generalised approach
to implement multi-harmonic signals to attenuate severaimonents of the vibratory load in MIMO
HHC. In [Lovera et al. (2004)] the same analysis is extende thie inclusion of discrete elements
in the HHC loop. In this paper Lovera conclude that non incof the discrete elements is un-
conservative in nature caused due to sampling delay. The iotpertant aspect of Lovera’s work is
the derivation of Harmonic Transfer Function (HTF) which canutiised in derivation of both SISO
and MIMO models.

2.3 Cyclic pitch control

This is the most simplistic method for attenuating loadseeigly those caused at 1P frequencies.
The basic principle of cyclic pitch control is given by LarsenLarsen et al. (2005)] as “Measure
mean tilt rotor and yaw moments and compensate by an aenouymaoment created by a cyclic
pitch variations that are 12®@ut of phase (3 bladed machine)”. In this method the rotailade flap
and edgewise blade root moments are converted into noimgtator coordinates as given in Eq. 2
and Eq. 3

Mf:‘i = Mfi cos(6;) + Mgfi sin(6;) (1)
My = E M:fi cos(¢i) (2)
Myaw = Z Mf@ Sln 3)

whereMB andMB are the flap and edgewise blade root bending moments of hladih «); being

the a2|muth angle of the respective bladendd; is the pitch angle of the bladel/;;;; and Mg,
represent the tilt and yaw moments at the rotor centre. Thesetmoments are compensated ‘and the
resulting pitch action is a combination @f,,, andd,;;; given by Eq. 4.

ecyc,i = etilt Sin(qbi + (I)) + eyaw COS(QSZ' + (I)) (4)
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Hered, .., andd;; are the compensating pitch action for yaw and tilt momenieesvely. the small
phase shiftb is introduced to compensate for the actuation delay.

Wright in [Wright (2004)] implements a state space methoith whe azimuth angle’ as one of the
states, for disturbance rejection which boils down to @yplich control as the approach is limited to
1P effects. Similar approach is followed by Stol [Stol (2003)dl 8alas [Wright and Balas (2003)].
Their approach is based on developing a composite state-gpadroller for a periodic model by
inclusion of states containing the change in blade flap ang)esnd the rotor azimuth angle) and
their derivatives as given by

i(y) = Ax(¥)+ Bu(¥) + Byug (5)
y = Ca(y) (6)
where
z = [Av A8 A8 D AB AB) 7)
w = [AT, A6T]" (8)
ug = Aw 9)

and the state matrices (A, ByBare periodic in nature.

2.4 Individual pitch control for load reduction

Cyclic pitch control can be used to reduce deterministicidoeaused by aerodynamic wind shear
loading, tower shadow and yaw misalignment. But they camtleviate stochastic disturbances
caused by turbulence. In recent years research has beerrdtng area by Bossanyi [Bossanyi
(2003b,b)] and Larsen [Larsen et al. (2005)]. Bossanyi's ogtih based on measurement of blade
root loads and transforming them into a mean value and \@ngbn two orthogonal axis using “d-
g axis transformation”. The two orthogonal axes are knowniegdand quadrature axes and the
transformation matrix that transforms the rotating blatdeguadrature axes is given by Eq. 10

(5)-(E3) (9 ez 2 ) (B) oo

Itis assumed that there is no interaction between the twe. &kence classical SISO techniques could
be used to control the system.

One of the disadvantages involved in this method is the plessime-delay caused while measur-
ing the blade loads (the blade acts as a filter - as concerng te#lisation of pitch angles). Thus
a phase mismatch in this system could increase the loadr rthidue decrease it. To overcome this
problem Bossanyi introduces a phase shift in the modulatedidack signals g#; andj,, such that
the ‘around -1p'variation in the three pitch angles is atdi by modulation of the fedq bagk; and

B, with azimuth angle i9 + Af , whereAd compensates for actuator delay Larstml [Larsen

et al. (2005)] recipe to overcome this problem is to measuftew parameters “angle of attack”and
“relative velocity’and design an individual pitch compats based on these measurements rather
than blade load measurements. Their reasoning is based timethry that strong correlation exists
between angle of attack and blade bending moment (flap).

In the local blade flow method two control actions based onrsgipa of angle of attack measure-
ments and relative velocity measurements are implemeniéd authors have implemented a Pl
based feedback control of pitch angle based on the errodeetthe angle of attack of a single blade
and average angle of attack. For relative velocity basettaoaction, a model-based feed forward
gain is calculated and implemented as given in equation Eq. 12

Ve = Viecos(a+6) (11)
961;,6 = (Vz - Vx,avg)K(wa ecoll) (12)
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whereV,, is the wind speed in-plane with the rotor which is a functiémedative velocity or rotor
centric velocityV,.el, blade pitch anglé and angle of attack, V, — V; 4. iS the error between the
in-plane relative velocity on the single blade and the ayera-plane relative velocity of the three
blades and< (w, 6..;) is the feedforward gain function. The gain function is basedalculations of
skew inflow with the turbine equipped with a cyclic pitch reafok.

This method, though has some disadvantages. First, the reeaentrof velocity using pitot tube has
reliability and robustness issues. Second, the effect oflingdand naying of the turbine might also
cause discrepancies in the measurement of relative welaad thereby the correction may actually
increase the load rather than decrease it.

2.5 Higher harmonic control

Cyclic pitch control and individual pitch control technegiexplained in Sec. 2.3 and Sec. 2.4 have
been developed to reduce 1P loading. Itis also possibletaee2P and 3P loading. This is known as
higher harmonic control. There has been some research ddris field in the helicopter industry by
Marco Lovera [Lovera et al. (2003)]. In the field of wind energgaarch has been done by Bossanyi
[Bossanyi (2005)] and van Engelen [van Engelen and Van dertH2003)].

Bossanyi’'s work involves the implementation of a feedfadvaotch filter to remove the 3P compo-
nent from the input fixed frame load or in other words the aragbtand phase of the 3P response
of the compensator is adjusted to 2P and 4P effects of the fraedefloads which could then be
eliminated using ‘d-q axis’approach as in [Bossanyi (20R3b

The other approach for HHC(higher harmonic control) is tovjate different feedback loops for 2P
and 3P effects. This approach is followed by van Engelen in Bragelen and Van der Hooft (2003)].
Themulti-blade coordinate transformaticas explained by Coleman [Coleman and Feingold (1958)]
is utilised in this approach to map the blade variables ifiked coordinate system’(superscfip)

as givenin Eq. 13

01 1 sint; cos i
0] = 1 sintyy costpy | - |65 (13)
03| 1 sinys cosys o5™
e R R S
Mzczn = § sin 1 § sin 1o § sinys | - [Mz2] (14)
MZT | gcosyy  Fcosyp  5cosis 23

wherel ; andy; are the blade flap moments and the azimuth angles of blaspectively.

It is assumed that uncoupled transfer functions can beeatifor the rotor speefd and tilt- and yaw
wise multiblade coordinated/,, " and M.,“" of the flapwise moments from this design model.
Hence a LTI scalar control design could be implemented foh @adlti blade coordinate angl™.

A similar approach has been implemented to reduce 2P anda8B.lo

ECN-E-07-053 5






3 Candidate multivariable control techniques

In this chapter multivariable controller techniques that available in literature that pertain to wind
turbine control design are discussed. In classical cotgadiniques the control designs are focused
on single input and single output. Other signals in the abdop are considered to be disturbance
signals. But in reality these disturbances tend to haveasdginom other loops that interact with
the designated control loop. Such systems are generallyrkagIMO(multi-input multi-output)
systems. In practice all systems are MIMO in nature.

Frequently you encounter systems where inputs and outpotbegrouped into pairs and treated
as separate SISO (single input single output) sub systemgetidhito form the MIMO system. All
the research on wind turbine control refered to in Chap. lses this fact to design simple SISO
controllers. But, ever so often non negligible interacsidietween the multiple inputs and outputs
can occur. In these cases a control design method which itaikesccount such interactions, needs
to be applied.

3.1 Introduction to multivariable systems

A multivariable or a MIMO system is a system that containsertban one input or output. Consider
a system wittminputs anl outputs.Then the basic transfer function model becafi€s= G(s)u(s)
wherey is al x 1 vector,u is am x 1 vector, and=(s) is al x m matrix transfer function.

A MIMO system can be described using state space ideas sitoithat of a SISO system. The
difference being the inclusion of vector inputs and outpssead of scalar values. If the system has

input vectoru(t) € R™ and an output vectay(t) € R/, then its state space model is written as
(1)
y(t)

In Laplace domain the system is defined as a transfer functidrixmastead of a single transfer
function. The transfer function matrix of the syst&(s) is defined as follows

Ax(t) + Bu(t)
Cx(t) + Du(t)

(15)

G(s)2C(sl —A)"'B+D (16)

For more details on the representation of MIMO systems, daeler is refered to [Skogestad and
Postelwithe (2005)]. The general description of the systerthim report is the standard transfer
function matrix model as described in Eg. 16 unless mentioned

3.2 Control of multivariable system
3.2.1 Decentralized control design

The simplest approach to a multivariable control design ésubke of a block-diagonal controller
K (s) as shown in Fig. 1. This is a straight forward process if theesyst(s) is also block diagonal,
because then the whole system is in turn a collection of ieddent SISO subsystems. But if the the
system is non diagonal then a precompensHf¢s) designed so as to counteract the interactions is
added to the system so that the new systeérsts) is diagonal in nature as shown in Eq. 17 and Fig.

2.
G(s) = Gy(s) - WL(s) a7)

Hence the controller becomes
Ky(s) = W(s) - K(s) (18)

This type of decoupling control occurs when compensator Whissen such tha&, = GW.
When the system is decoupled for all frequencies it is knosdymamic decoupling. For exam-

pleW (s) = G71(s) - Gaiag(s) [Skogestad and Postelwithe (2005)]. When the overall systenaie
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K1

K2

Figure 1:A decentralised control scheme

K
_____ T T T
| |
| | K1 |
—( ) — W —|> G >
| K2 |
. N

Figure 2:A decentralised control scheme with decoupling preconmgiendV (s)

to be diagonal at steady state condition (Gg(0) is diagonal), then the decoupling is known as static
decoupling. This can be done by using a precompensator obthel#’ = G~1(0). If the system

is made to be almost diagonal at a required frequencly usingiV = Ggl, whereGj is the real
approximation of7(jwg) then the system is approximately decoupled at the requieegiéncies.The
bandwidth frequency is a good selection dgras the effect of performance of reducing interaction is
maximum in this frequency. The limitations and detailed apph of decoupling a MIMO system is
dealt with in [Skogestad and Postelwithe (2005)]. Some of tlmencon strategies utilised in decou-
pling control are the internal model scheme and partial dglog of upper or lower triangle of the
transfer function matrix.

The control design for this system is to be done in two steps fil$testep is to decouple the system
G with a precompensator W as explained in Sec. 3.2.1. The rextistto design a controller K
consisting of diagonal elements;, K, ..., K,,, for the decoupled SISO transfer function subsystems
of G.

Figure 3:Block diagram of one degree of freedom feedback controller

8 ECN-E-07-053



3.2.2 Optimal Control Design

Generally for any system its output will be affected by unteamoise or disturbances as shown in
Fig. 3. Hence itis necessary that the controller we desigpragges the noise (disturbance rejection).
The advantage of using Fig. 3 is that we can converge colourisg istgnals into a white noise
disturbance by including the noise dynamics in the systenanhjcs. In the case of wind turbines the
wind speed variations within a time scale of 10 minutes isi@tt an unknown disturbance whose
effects on the output needs to be suppressed. The most comathodn of doing this is to derive a
controller via an iteration scheme that minimises the 2wonorms of the transfer function between
the error signal and the output. This will in turn minimise #féect of error signal on the output.

General problem formulation For a controller to be optinied tontrol problem needs to be gen-
eralised. For multivariable system this general problermfdation method that is followed in this
report was introduced by Doyle [Doyle (1983)] as shown in BigConsider the state space equation
as givenin Eq. 19

(t)

z(t)
y(t)

wherew(t) is the generalised disturbance signal (A group of signalsdfiect the system and cannot
be influenced by the controller). It consistsdif) which is the stochastic disturbanadt) which

is the set point signal and(¢) which is the measurement noise(t) is the signal that allows to
characterize whether a controller has certain desiredeptieg and is called controlled variable or
performance variable. The ultimate goal is to reduce thisaitp zero at all frequencies, but this is
unrealistic due to actuation limits.(¢) is the output signal of the controller and is called the aantr
input andy(t) is the measurement output. From the state space form dedanil). 19 the general
plantP can be described as given in Eq. 20

) = () = (B R () (20)

A| By By

Az(t) + Biw(t) + Bau(t)
Clac(t) + an(t) + Dlgu(t) (19)
ng(t) + Dglw(t) + D22u(t)

where

2

1| Dun Dy (21)
Co | Da1 Do

The generalised plant can be described in terms of matrisfeafunctionP as shown in Fig. 4.
It must be noted thal is called a generalized plant if there exists at least onéralter K which
stabilizesP. i.e (A Bz) is at least stabilizable an@ C-) is detectable.

From Eq. 20 itis clear that

Piiw + Prau
Poiw + Posu

z
Y

(22)

The necessity of controlléf is to reduce the deviation of controlled variable) with respect to the
input variablew(t). Hence absorbing the blo¢k along withP we get the overall closed loop system
N as shown in Fig. 5 with a representation

N = P+ PoK(I—-PpK)'Py = F(PK) (23)
The above formulation of the control lodpis known as “lower linear fractional transformation”(LLFT).

and is often given as follows
N 2 F)(P,K) (24)
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Figure 4:Equivalent representation of Fig. 3

Figure 5:General block diagram of closed loop system

H, optimal control The aim of/; optimal control problem is to find a stabilising controllér
which minimizes the 2-norm cost function of the performawnagable z(t) by reducing the 2 norm of
the LLFT as follows

W@M=,¢TMMMWWMMw 25)

The proof of how reducing the 2-norm cost function given in Edh r@duces error is proven in
[Skogestad and Postelwithe (2005)].
A special case off, optimal control is the LQG problem . Consider a stochasticess

Ax + Bu + wy
Cx + wy,

T

y (26)

The LQG optimal control determines the stabilising controeby reducing the 2- norm given in
Eqg. 25 but where the disturbance input to the closed loopsystare gaussian white noise with unit
intensity as shown in Eq. 27

Z £ F(P,K)w(s) (27)
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H., Control Consider the general control configuration proviiefig. 5. H., control design , the
other control design that uses the norm reduction methodigue a controller that reduces the
norm of the transfer function between disturbance signglav(d the output z(t). In other word$.,
control design tries to minimise the worst possible gairheffrequency responce at all frequencies
of N(s). Hence the standaid,, problem is to find stabilizing controller K that minimizes

IN($)lloo = maxa(F(P, K)(jw)) (28)

3.3 Controller Design choice and add ons

For Load reduction we need to design a multivariable comrdfiat reduces the loads for wind speed
disturbances. The choice of control technique depends da¢hthat we need to reduce the 1P loads.
To reduce the 1P load we need to reduce the load peaks at tledLReficy. Hence the ideal choice
is to reduce the 2-norm of the system ,in other words, impigrtiee H, control technique. If we
can model our system such that the input disturbance to #tersyis just gaussian white noise then
we can utilise LQG control technique . But for disturbancecgpn of colored noises a more useful
technique is the feed forward control technique which caaded to the LQG controller.

3.3.1 Disturbance feed forward
This section will be discussed in discrete time as the comtnplementation of the feed forward

control in this thesis will be in discrete time. A structurefeedforward control with measurable
disturbance is given in Fig. 6.

F(2) d
H(z)
Y .0 G cl> 4

Figure 6:Block diagram scheme for feed forward controller

The controller F(z) is the feed forward controller for distamice rejection. Consider the transfer
function between y(k) and d(k).

y(k) = G(z)-y(k) + G(2) - F(z2) - d(k) + H(z) - d(k) (29)
ye) = G0 (Q(j)H CD iy (30)

For ideal disturbance rejection the transfer function nbestero.Hence

_ (G(2) - F(z) + H(z))
0 = 1-G(z) (31)

F(z) = —H(z)-G(z)"" (32)
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Here the feed forward block consists of the inverse of theesteodel G(z). Moreover the feed
forward block transfer function F(z) must be stable and prdpecause it acts in open loop. Hence
it is necessary to make sure ti@tz) ! is proper and stable. But it is possible that G(z) has zeros
that cause non-minimum phase behaviour. In other words I&g)zeros fofz| > 1. Hence we
cannot invert G directly. Hence a novel method known as Staptemic Inversion (SDI) technique
[George et al. (1999)] is used. A brief overview of SDI techugds provided below.

Consider a non-minimum phase system given below

z(k+1) = A-z(k)+ B-ulk)+ G- wk) 33
y(k) = C-o(k)+ D ulk) +v(k) (33)

Let us consider the following model for our input signal u(k)
u(k +1) = u(k) +n(k) (34)

for somen (k). For simplicity we consider it to be white noise. Hence thgraanted system becomes

xa(k + 1) A - xa(k) +Gq - [w(k)/n(k)/]l

y(k) - Cy - (k) + Hy - [o(k)n(k)") (35)
where (k)]
xa(k) = i(k‘)
(36)
A
4. = 1) ?]

If (C,A) is observable and there is no zeros at z = 1 for theesyst (A,B,C,D), then we can setup a
kalman filter to estimate the input signal u(k). Then the stablerse of the systerit (A,B,C,D) is
given by

Yino = (0 I)(2I — Ay + KC,) 'K (37)

where K is the Kalman gain.
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4 Feasibility study of simple control designs

In this chapter a feasibility study over multivariable awtier design for a wind turbine is discussed.
It is a known fact that a wind turbine is a MIMO (multi input niubutput) system. But frequently
you encounter systems where inputs and outputs can be granfoepairs and treated as separate
SISO (single input single output) sub systems that tend to foeMMIMO system as is the case with
the orthogonal tower moments (tilt and yaw).The tilt momenamn horizontal component whereas
the yaw moment is a vertical component. Hence they are pdigdar to each other and hence
orthogonal. All the literature on wind turbine control dissed in Sec. 2 utilise this fact to design
simple SISO controllers. But, ever so often non negligiblerattions between the multiple inputs
and outputs can occur. Even though we consider that theré mueh coupling between tilt and yaw
moment of the wind turbine and consider them to be orthogdhil is not totally true and there is
some coupling between the two as will be shown by the TURBU mjpd@& Engelen (2007)]. In
such cases a multivariable control design is required isri@lcompensate for the coupling between
the different scalar loops

4.1 Analysis of a simple wind turbine model

For the feasibility study of the various control design t@ges, a simple linear model of a 2.5 MW
3-bladed wind turbine model as described in [van Engelengg@utilised . The model utilises stiff
blades and stiff drive train. A controllable generator teggqgs included and stochastic wind speed
excitation is utilised along with stationary aerodynamocieersion for derivation of flap and edge
blade root moments. A schematic layout of the wind turbineleh@ pictured in Fig. 7.

blade 1

lead forceF, azimutP=
; =¥

4
flap forceF,
. flap momeri\‘/lZl

generator spee@ g 4
sideward diSpKSV / torsiony \\\ & actuator 1

lead momen¥,
1

O rotor speed
——— - -} -l - @ ----------- . ———— e -

fore-aft displxra :
: e
! counter torqua'g

E-torque

servosyste|

—desired countér torqﬂ'@set

—- desired pitch ajnglgslet

AN rotor centrek) .

fixed frame variables
sideward forcég

driving torqueT, <«— () <—— axial forceF,

i yaw momenMy

tilt moment M,

Figure 7. Schematic layout of wind turbine model. Courtesgn[izngelen (2006)]
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4.1.1 Linearised aerodynamic conversion

For the control model linear torque, force and moments nedxttcalculated. Linear BEM (Blade
Element Momentum) theory is used for converting the aeroayecgwhich map the variations of the
flap wise relative wind speed into blade moments (flap wise aaudiwdse blade root moments) and
blade forces. To simplify the model unsteady aerodynamickveake effects have not been taken
into account. The aerodynamic conversions are based on rtioigveslative flap wise wind speed
vy, into flap and lead wise blade root moments and forces (aeraugrgains). These moments and

forces for pitch angle variatiorts and relative velocity ;, of thei'" blade is characterised as given
in Eq. 38

SM.; = havp, + ka0;  (neg.flapwise moment)

6F,; = hpovp, + kpb; (pos.flapwise force) (38)
SMy; = havp, + ku0;  (pos.flagwise moment)

6F.; = hpvp, + krt; (pos.flagwise force)

From these aerodynamic gains, the variations in drivingueiy,, in axial forcedF, in the tilt
momentd M; and in the sidewards force are given by Eq. 39

5T, = B 6M,, . 0F, = Y2 6F,, 39
oM; = Zi:lsinwiéMz,i ; oFs = Zi:lsin¢i5Fzyi

The flapwise relative wind speed variatio), for thei'” blade is the sum of the blade effective wind
speedi; and the upwind motion of the rotor blade. The latter is caugddite-aft tower bending only
since rigid blades are assumed. The upwind structural matiarives both the fore-aft translation

x 1, and tilt rotationg s, of the tower top. The latter has an azimuth dependent effetierelative
wind speed which varies over the rotor radius. The 3/4 bladieisdocation of the rotor blade{§%)

is assumed to be the effective location for taking into aod:o&;a in the one-point-model-approach
to blade loading. The flapwise relative wind speed is determined as:

3 3Ry,
20 4 1°
The multiplier 3/2H is exactly the ratio between displacetramd rotation if a prismatic beam of
length H is subjected to a bending force load. At azimuth erigequal to 0, the first blade is in

the horizontal position while it is rotating downward. Fbetazimuth anglegq, s, 13 of the three
blades holds:

v, = Ui — T +sin(1;) (40)

2 47
thh =1 %@02:1/)+? ;¢3:¢+? (41)
The gainsh,,, . . . kp, are derived from the power and thrust coefficient data in aemesrking
point, characterised by wind speed, rotor speed and pitgle aithe derivation is constrained by the

assumption of equal aerodynamic efficiency along the bladiesawhich implies a linear increasing
flapwise force per unit spafi;(r) over the rotor radius and constant leadwise force per uait sp

fia(r).
4.1.2 Periodic linear model equations

The model equations required for controller design are tb&emuations of motion of the tower and
rotor and the output equations of the blade moments causttkhyind disturbances.

Equations of motion The drive train is accelerated by the agrahic driving torquel, and decel-
erated by the generator torqiig. Hence the rotor speedis a function of the two torques.

J-Q = 6T, — 0T, (42)
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with linearised torque variatioéil, from Egs. 38,39 and 40 is given by

0T, = 7 [t + ka0 — Bhariya (43)

The variables of the included tower model are the fore-afttaecsidewards displacementg, and
x4 respectively. The fore-aft motion is driven by the aerodyitahrust forceF, and the tilt moment
M. The sidewards motion is generated by the generator tdfgaad the sidewards aerodynamic
force F.

Miw ifa = 5Fa +%5Mt _Sthfa_dtwifa

- . 44
Mty Tsd = % 5Tg +0Fs — StwTsqg — diwTsq ( )

The multiplication factor% for the bending moment loads in the equations of motion apgibr
the prismatic beam. For the linearised variation in the lagwiece, tilt moment and sideward force

holds(Eq. 3937 | sin?¢; = 1 B)

0F, = YP hei + kr6] — Bhriy,
My = S sinthilhar@;  +  kabi] + 3 %}E} hALE fa (45)
0F, = Y0, —sintilhp @y + kp] - %%—Ifj’hpz i fa

The values of tower top equivalent massg,,, spring constant;,,and damper constatit,, are based
on following structural data

 horizontal tower displacement at unity force.

« damping rate of the first bending mode.

« average of the first fore-aft and sidewards frequency.

Output equations For feedback control, along with equatmimotion, we also need to consider
output equations. Individual pitch control is used to rezlbending moments. Hence it is only logical
that we choose the feedback of blade root bending momeratiarss M/, ; for the control problem.

IRy

OM,, = —hp.(1—sin wlng)a'rfa + ha tr + k01 (46)
. IRy . .

oM., = —hy.(1 —51n¢28—H)xfa+thu2 + k62 47)
. IRy, . _

6M23 = —h]y[z(l —Sln@[)387H)$fa+hMZU3+k5M293 (48)
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4.1.3 Azimuth dependency and Coleman Transformation

It can be clearly seen by substituting Eqgs. 38, 39 and 40 in Etjand 44 that the states of the tower
and the blade moments are azimuth dependant as follows

M=

J-Q = [har. @i + kg, 0] — Bhat, @ o — 0T, (49)
1=1
B 3 B
meige = Y [hndit k0] = Bhedga+ 5 3 sintilhar i+ kad] - (80)
i—1 i=1
2
2:;[ ’i?b h]\/[ .’I}fa Stw fa — dtwjffa
) ‘ ) 3 2TR,,
M Esg = ﬁ 5T, + Z —sinylhp, i + kp0i] — 5 — -~ hrda (1)

i=1
—StwTsd — dtwisd

To enable linear control design, the periodic coefficienthése equations are eliminated by formu-
lating the structural and aerodynamic degrees of freedo@H)or the rotor in multi-blade coordi-
nates (using Coleman transform).

The multi-blade transformation or Coleman transformati@al¢man and Feingold (1958)] for rotor

blades is a transformation which maps the individual blamt@dinates present in the periodic frame
of reference into a fixed frame of reference. In other wordsGbkeman transformation maps the
rotor coordinates with the tower coordinates. In due predhs periodic terms of the aero-elastic
equations will be eliminated, as the number of blades is oddnimg the rotor is isotropic (identical

and symmetrically mounted blades), and the inflow to the ristaniform.

The periodic terms are eliminated by multiblade transforomabecause the coordinates of the model
are defined in the same frame of reference as explained in @dg@603)]. For example the physical
coordinatey; for blade: in the rotating frame will be converted by Coleman transfasyollows

qi(t) = ¢f™(t) + ¢5§™(t) cos <¢t + 2%(2 - 1)) + ¢5"(t) sin (zﬁt + 2%(2 — 1)) (52)

wheret is time, andy is the azimuth angle of the rotor. The three multiblade cowigisy(™, ¢5™
andgg™ replace the blade coordinates ¢2 andgs. For example we can map the blade varlable ‘the
blade pitch angleg;’into ‘fixed coordinate system’(superscrifi) as given in Eq. 53

01(t) 1 siney(t) cost(t) o™ (t)
[%(ﬂ] = ( 1 singpy(t)  cospa(t) > [9””( )] (53)
() 1 sineys(t) coss(t) 65 (t)

Similarly we can also convert the fixed coordinates into thatiog frame of reference using inverse
Coleman transform as done for deriving the blade loads

M (1) , 3 .3 3 Ms, (1)
ME™(t) = 3 sin ¢y (t) 3 sin ¢ (t) 3 sin ¢3(t) <[ M, (t) (54)
scosti(t) 5cosin(t) 3 cosys(t) M, (t)

wherel, ; andy;(t) are the blade flap moments and the azimuth angles of biadpectively.

It is assumed that uncoupled transfer functions can beetefivr the rotor speef(¢) and tilt- and
yaw wise multiblade coordinate¥,,“"(¢) andM,,“"(t) of the flapwise moments from this design
mod(el). Hence a LTI scalar control design could be implemefutegiach multi blade coordinate angle
0,5 ().
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Figure 8: Conversion of periodic model into linear model gsoleman transformation

4.1.4 Linear time invariant model

The equations of motion that depend on the azimuth angle@ not include state variables attached
to the rotor blade and rotor shaft except the rotational ¢geér, and x4, the other two state
variables are attached to the tower ). Sifichas a co-axial orientation, not any state variable needs
to be transformed or in other words the Coleman transfoonatas no affect on the state variables.
The flap wise bending moments, pitch angles and blade effestive speeds are the variables that
need to be transformed. This transformation is done usingtieman transformation matrir.

The Coleman transformation matixmaps the multi-blade coordinatps,, to rotating coordinates

p. The second and third multi blade flap moment coordinafeg;; andoM,,,, have tilt and yaw
orientation.

J-Q = —3hardsa + ka0 4 3har @S — T, (55)
) 81R . om
Miw :L‘fa = —Stwibfa - (dtw + 3hF, - 3TthMz)l'fa + 3]<3F101 (56)
9 9

— kg 05 hp ai™ + —=hp as™ 57
+4H M, +3hpui" + 1 (57)

) 3 2TR,, 3. 3 ,
Mpw Tsqg = ﬁéT 6H ——hp dfq — isz 05 5th 5" — StwTsq — dpwbsa  (58)

and

5Mzcm1 = _hMZ jffa + kMz Hfm + thacm (59)
27Ry, . 3 cm ~cm
OMyyy = —hu, W};x fa *kMz 05" — hM (60)
3 -
5Myaw = 5]{7]\/[295 -+ hM cm (61)

ECN-E-07-053 17



For control purposes this system is written in state space &nd then discretized with a sampling
time of 0.02 sec.

: 0 0 iy 0 0 ]
J
Q,JQ 0 0 1 0 0 gf;
_ 8iry, a
x;z = |0 s _(dtw+3h(F;)tw32H2th) 0 0 Era
Lsd 0 0 217;:;’ hp, T Tsd
) 3har, 0 0 m?jZM, 0 rgtw 1 -’mtu-)ﬁ{lim— (62)
7 T —J qem
0 0 0 0 0 0 0 ﬂgm
3hr, %th 3kr %kﬂlz m
+ mm;; Mty 0 my Mtw 0 0 eim
0 0 00 0 0 ol
She. Sk byri 3
L O _mtw O _mtw 0 Miw J _5Tg_
0 10 0 0 0] 9]
5M2m1 . 0 0 —th 0 0 gfa
My | 0 0 —Zhy, 0 0f |57
yaw 00 0 0 0] |¥)
_ﬂim_
0 0 0 0 0 0o 07|49 (63)
th 0 0 kMz 0 0 0 u%m
T Lo <2 0 0 =3k, 0 Of |phm
0 %th 0 0 %kMz 0 gém
L5,

4.2 Multivariable Control

From Eqg. 63 it is clear the outputs of the system (the loads)wieaheed to reduce depend on the
states £¢,), known inputs in pitch angleg)) and unknown coloured disturbances in wind speed
(ag™). ernce for optimal load reduction we also need to model tileawn coloured disturbances.
But using the standard multivariable techniques it is natsgale to determine optimal feedback gain
for load reduction caused by coloured disturbances. Hereasawd to define a model for the unknown
wind inputs which would generate the Coleman winds from hitise input. It can be done in two
ways.

* ldentify a wind model based on wind signal measurementdaatebeffective simulated wind
signals.

e Use a random walk model that will map the low order behavfahe wind signal

For identification purposes blade effective wind signal dasgere used to generate a sixth state
identification model. The blade effective wind signals weravested to Coleman wind signals and
were then utilised for identification. The model was identifisthg PO-MOESP identification tech-
nique [Verhaegen and Verdult (2005)] with white noise irspannd Coleman wind signal outputs. The
frequency response of the identified model is shown in Fig. 9. firkerow shows the frequency
response of the first Coleman mode to the three input whiteersigmals. The second row is the fre-
quency response for the second Coleman mode wind signaharttlitd row for the third Coleman
mode signal respectively, with the input signals being e/hivises.

For individual pitch control we require to compensate oy tilt and yaw moments as they cause
the asymetric loads on the tower. Hence for load reductioneegsl only Coleman mode wind inputs
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Figure 9: frequency response of the Identified wind model wititewnoise input and Coleman wind
output

Us™ andUs™ which are the wind components in the horizontal and vertizaktions. The OP and 1P
frequency of the wind turbine (Coleman domain) is essdwptélaround 0 Hz to 0.3 Hz (The 1P and
2P frequencies of the rotor blade are converted into OP arfde@Bencies of the Coleman domain
respectively. Generally speaking OP frequency of the Caledomain is enough for the present work,
but 1P frequency is also included here just to show that théam walk model is sufficient higher
harmonic control as well). Moreover the limitations posgutlie pitch actuator on high frequency
wind signals means that we need not concern ourselves wiffaéncies higher than 1 Hz. Hence we
need a wind model that has the same spectrum of the wind sigp&b that frequency. A random
walk model can be used for such purposes as the spectrum iartiem walk model will be similar

to that of the wind spectrum at such low frequencies as showid 10
In this thesis the random walk model is utilised to geneitagentind model for the following reasons.

» Random walk models are a tried and tested method of modelasyand has been utilised in
design of unknown wind inputs before [Mesic et al. (2003)].

» At 1P frequency the spectrum of the wind is generally angrgtor slope. Hence we need not
identify high order models based on wind measurements del##ective wind signals.

« Random walk model is the simplest model for representingtationary processes. The proof
of stationarity of the Coleman wind input is provided in Secl A

Furthermore the PSD of the two models and the measured signas shat random walk model is
an appropriate choice for wind estimation as shown in Fig. 11

A brief description of a random walk process and how an augedenind turbine model containing
wind model can be generated is explained below.

1To compensate for the tilt and yaw moments we need only the second a@tiéman domain wind signals as can
be seen from Eqns 60 and 61. Hence the random walk model is derefbr these two wind signals
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Figure 10: frequency response of the ldentified wind modelelpAnd random walk model (red
dashed) with white noise input and Coleman wind outplitg"andUs™)
4.2.1 Random walk process

A random walk is a simple type of discrete stochastic proegssse increments form a white noise.
Since a white noise has zero mean, a random walk also has zero feliscrete univariate stochastic
process R is called a random walk if its increments form aevhdise.

W(k)=R(k) — R(k—1) (64)
Because there are different types of white noises, therdifieeent types of random walks. A simple
random walk is one whose increments form a strong white nesese terms only take on the values
1 orU1, each with probability 0.5. an arithmetic random walk irmadom walk with increments that
are a Gaussian white noise. This can be represented as

R(k) — R(k — 1) = oN(k) (65)

where the N (k) are independent and identically distribstatidard normal random variables, and
is a constant. If a constant drift tenmis added, this becomes an arithmetic random walk with drift.

R(k) — Rk —1) = i+ oN(k) (66)

For the wind model we assume that there is no drift involveths system and hence utilise the
simple random walk model.

R(k) = R(k — 1) + Quw(k — 1) (67)

where(, is the covariance matrix for the white noise.
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Figure 11: PSD of measured wind signal (blue solid), PSD of thetifitshmodel (red dashed), and
PSD of the random walk model (Magenta dotted) all for wind didgan?2

4.2.2 Estimation of turbine model using random walk technique

The wind turbine model has two known inpus’( and65™) and two unknown inputsug™ and
ug™). Lets consider the state space model of the wind turbinengiv&q. 68

a¥'(k+1) = Awa® (k) + B)0em(k) + Bl uen (k) + w(k) (68)
Yyt (k) = Cuz (k) + DY 0em (k) + D% e (k) + v(k)

whereu,,, are the unknown inputs with a known matiX!,. Many stochastic processes can be

generated by driving linear systems with white noise segeenAssume the following model repre-

sentation for the unknown input wind signals, which is a gahs&tate space formulation of a random

walk process.

z2(k+1)
Uem (k)

To generate the random walk mode},, (k) = uem(k — 1) + w,(k — 1) from the general state space
formulation for wind signals given in Eq. 69 we tafteandI” as identity matrices with a covariance
matrix (), of 0.1. The reason for this is that this generates the simpd@stom walk model and is
basically an integrator model with a similar slope to thathaf identified model as shown in Fig. 10
and also the PSD for this model is similar to that of the meassiggwhl at 1P frequency Fig. 11. The
combination of Eq. 68 and Eqg. 69 results in an augmented state gystem that denotes the total
wind turbine system

Pz(k) + w, (k)
Tz(k)

(69)

[xgglgk:l)l)] _ [Aé”t B%tr] x:(tlil)c) N Bgowt] bum(E) + [;Uz((@)] .
) = Cue 0|0 Bt] o)+ 0t "
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A Kalman filter is used to estimate®’(k) and z(k). The estimated unknown signalm(k) can
further be obtained by Eq. 69 from the estimated stétg. Robustness issues of the random walk
model is explained in detail in [Mesic et al. (2003)]. The reszgy condition for accurate recon-
struction of the states of the augmented system via Kalmam ftthe observability of the system.
The proof for observability of the augmented system contgitine random walk model is given in
appendix A.2

4.2.3 Determination of feedback gain

It can be proved using Popov-Belevitch-Hautus (PBH) test ttatsystem given in Eq. 70 is ob-
servable [Mesic et al. (2003)]. Thus the Kalman filter to deteenan unbiased estimate of the wind
turbine along with the wind can be determined from the Kalfilgar. The augmented system in Eq.
70 is observable but not controllable as the system alsadesl the wind states which are located in
the uncontrollable subspace. Moreover since we use a ram@dknmodel this subspace is also not
stabilizable. Hence the control gain for the augmented wimdine is found in a two fold manner.
The wind turbine subsystem that is responsible for bladesl@ash be given by two transfer func-
tions. One relating to the blade loads caused by the pitcteamgl the other one related to the wind
disturbance as given by Fig. 12.

Wind Turbine
i |
u
Cm—i_' H(z) 7 :
| TF, CSM
! Y o O
o | |
— G :
' TFg-sm |

Figure 12:Block diagram scheme for the wind turbine transfer functiefasted to Coleman moments

Optimal gain for wind turbine states Consider the transfecfion between the pitch angle and the
moments. In state space form it is given as folléws

e (k+1) = Apa (k) + B?,0em (k) +w(k)

YL R) = Cura (k) + DY fom (k) + v(k) (71)

the feedback gain for the load reduction is determined byguie feedback law.,, (k) = - K x(k)
that minimizes the cost function

T =" a(k)" Qu(k)™ + (k)T Rbem (k) (72)
k=0

Here we consider that the wind speed has no effect on the states of héubime. The reason being the effect of the
states due to wind speed will be compensated by a feed forward cona®ksplained later.
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Pseudo feed forward wind disturbance rejection Feed forwachanism is utilised for disturbance
rejection or in other words to reduce the load caused by wistdidance. Actually we do not measure
wind speed but based on the assumption that the Kalman fiiten g Sec. 4.2.2, provides us with

an unbiased estimate of the wind speed we can design a feedrtbcontroller for wind speed feed

forward rejection. Consider Fig. 13, the controller (F(z))he feed forward controller that reduces
the load caused by wind disturbance as given in Sec. 3.3.1

u
F(Z) cm
H(z
8 .6— G2 8Mc£ e

Figure 13:Block diagram scheme for feed forward controller

The gain for load reduction of the blade moments caused by distdrbance can then be determined
as follows. Consider the wind turbine model given in Eq. 68EAqd63. On closer examination it can
be seen that the influence @™ and$™ have minimal effect on the states of the system. Moreover
the tilt and yaw moments are decoupled. Thus changing thetefféhe second and third Coleman
domain winds will not affect the states of the system. Thugmeamic feed forward control action
for disturbance rejection is only a static gain for our sienpiodel.

As the yaw component as no effect on the states of the windithe feed forward gain required
for compensation is just a static gain which simplifies thagiesf the controller. Hence the feed
forward gains required for the compensation of the tilt motreaused by the wind disturbance is
calculated as follows

27Ry .
M9 e
But for the feed forward controller the load caused by thedwdisturbance is the one that needs to

be compensated . Hence the ideal feed forward gain wouldmzgrithedM,;;; (caused byis™) to
zero. Hence

3 3
My = —h — §kM29§m - §thﬂ§m (73)

cm 3 ~Cm
O = —§kM292 — §hMZU2 (74)
3
sh
o = — 2 eggn (75)
ok
h
o5 = g (76)
kar,

A similar approach is used to calculate the feed forward émiryaw moment {1 ,,.,). From Eq.
61 we know that the yaw moment depends on the yaw componehegditch angle and the wind.
Hence

0 = ka6 + Sharig" (77)
Ccm th ~Cm
05" = T 1B (78)
M.
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4.2.4 Controller design

The Kalman filter provides an unbiased estimate of the winddspad hence the feed forward gain
added to the state feedback gain is optimal. The controléesggned as given in Fig. 14

»—H(2)Ginv(2)

Kalman
filter

+O+
|

Figure 14: The complete feedback-feedforward control scheme

4.3 Feedback law

The overall layout of the feedback loops for rotor speed @i and blade load reduction is pictured
in Fig. 16. The feedback loop maps

+ The low pass filtered rotational spe@gto the collective pitch angle set poﬁi‘t"["wa aPlcom-
pensator, enforced by a feed forward of the estimated wieddpvhile catering for dynamic
inflow effects.

* Identically low pass filtered tilt- and yaw- oriented muitade flap moment coordinatéﬁafzm2
and M., . to the tilt- and yaw- oriented multi-blade pitch angle canedesfs™ andf5™ via
LQG controller designed using Kalman filter (Sec. 4.2.2) andhegdtgain ESec 4. 2 3) de-
scribed above.

cm . cm
4110 ug™ to My L x10° ug™ to Myaw
3 - 3 -
- -
L) \ - - \ D e
2 ’ v 2 e
7z '
*********/7 ***** e _7‘ *****************
N 7
1 Piid 1 -
o= - . o=

. .
107 10" 10° 10" 102 10" 10° 10"

Figure 15: Frequency response plot of tilt momefy,, (first row) and yaw moment/,,,, (second
row) due to the multi-blade wind inputs;” (left column) andug§™ (right column) for the simple
rigid turbine model with no IPC (blue solid), conventional IIB@d dash-dotted) and new feedback-
feedforward IPC (green dashed).
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Figure 16:Layout of the complete control structure

For the latter the following creation scheme for "artificiabasurement signalgM,_ , anddM,,
has been utilized.

cm3

. . . SM
OM:,..| _ Zsingy  Zsinyy  2sines z1
[5Mzmg] a ( g cos Y g cos Py g costrs | g%: (79)

while pitch angle additions are obtained via a modulatidreste of artificial control signal¥™ and

o5,

91 sin ¢1 COSs ¢1 gem

Oy = | sintys costpy | - [G%m] (80)
03 sints cos s 2

The frequency responce for the multivariable control tegheiis compared with classic Pl control
[van Engelen and Van der Hooft (2003)] for tilt and yaw momemntcol in the Coleman domain
and is shown in Fig. 15. It can be clearly seen from the figuredbaventional IPC approach (red
dashed and dottedline) has good load reduction only at warfrequencies, while at 1P and higher
there is completely no reduction, and even slight incredde low frequency reduction is due to
the integrator structure of this control method, makingrtrethod suitable for blade load reduction
(as Op reduction inV/;;;; and M., corresponds to 1P reduction in the flap-wise blade root bend-
ing moments), but cannot achieve fatigue-relevant loadiatoh on the non-rotating components
of the wind turbine. On the other hand, by trading-off loweuency load reduction, the proposed
feedback-feedforward method achieves reduction over anmigker frequency range, including the
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3p frequency which is very relevant for fatigue on the notatiog components, such as the nacelle,
yaw bearing and tower. And improved reduction at low freques can be obtained by including
integral action in the controller.
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4.4 Time domain simulation

Time domain simulations were performed with the controleddel. They were driven by blade
effective wind input signals and three scenarios were adeik

 Collective pitch only (Run 1).
 Collective pitch and IPC with integral action (Run 2)[van Elen and Van der Hooft (2003)].
 Collective pitch and IPC with LQG (Run 3).

The model parameters pertain to a typical 2.5 MW wind turbirte 46m rotor radiug?;,, 70 m tower
height H, overall drive train inertid; of 12-10%kgm?, and1*' tower eigen frequency of 0.35 Hz. The
parameters were determined for a wind speed of 18 m/s wittbalence intensity of 0.1, rotor speed
of 15 rpm and pitch angle dfo°. Parasitical dynamics by pitch actuation, sensor and dataepsing
were catered via an overall delay loop of 0.2 s.

The wind signal used in the simulation is as shown in Fig. 17

Turb+shear/shadow on blades 1,2,3 (b-sol, r-dash, g—dot) ; blades 2,3: time-shift for —120, —240 degr
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Figure 17:Wind signal used in the simulations.Courtesy: [van EngeR06)]

Each box in the following figures always contains the resulteétlective pitch only (Run 1) as blue

(dark) line. The results with addition of individual pitchriteol to collective pitch control are plotted

using red (light) line (Run 2 and Run 3). The graphs are gelygrkdtted as a comparison of the two

different IPC control techniques. Hence each plot is a coispartbetween one method of IPC (red
line) to that of collective pitch control only (blue line).uR 1, Run 2 and Run 3 specify Collective
pitch control only, IPC with integral action and IPC with LQG pestively.

Fig. 18 shows the time domain realisation of the tilt and yawrnanots at the rotor center. The two
boxes of time domain realisation for tilt and yaw momentgaiarto different IPC control loop super

imposed with collective pitch control only. The same holdsHa. 19. From the figures it is clear

that LQG algorithm reduces the loads for both Op and 3p frecjeerwhereas the integral control
increases the loads at modes with frequency higher thandke &equencies (0. 35 Hz) but has a
very good load reduction capability at Op. Fig. 20 shows thegrepectra of the blade root flap
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moment and pitch angle acceleration induced due to IPC. fnefigure it is clear that again Integral
control has a better load reduction capability at 1P frequemut LQG control technique has its
advantage that it has load reduction capability for a lafgeruency range than the integral control
loop and it is also less aggressive than Integral controlwheomes to pitch actuation as shown by
Fig. 20
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Figure 18:Realisation of tilt (above) and yaw (below) moment in thergnter with a wind speed
of 18 m/s - The realisations are for the two different methdd®@G(solid) to CPC only (dashed), PI
based IPC being Run 2 and LQG based IPC being Run 3 with CPC being Run 1.
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Figure 19: Power spectra of tilt (above) and yaw (below) moment in therroenter with a wind
speed of 18 m/s
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Figure 20:Power spectra of flap moment (above) and pitch angle acdsbergbelow) with a wind
speed of 18 m/s
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4.5 Controller analysis and results

The purpose of IPC control is to reduce loading of the bladeshande to reduce fatigue damage at
above rated conditions. Hence it is necessary to analysgdhedard deviation of the different loads
experienced by the blades and tower. This is given in Tab. Infne table it is clear that both forms
of IPC have good overall load reduction capabilities as tieelce the overall load by around 20%.

Table 1:Standard deviation results of load simulations for the ¢hcentrollers

Controller std(Mflap) [KNm] | std(Mtilt) [KNm] | std(Myaw) [KNm]
CPC only 341.9 2116 2173
IPC using PI technique 292.1 169.9 157.6
IPC using LQG technique 299.5 144.3 144.8

Fig. 21 shows the Power spectra comparison between the twotters. The realisation with Pl
controller is plotted in blue (dark) and the realisation of&Qontroller is plotted in red (light). It can
be seen from the figure that LQG control reduces the moment &egliencies and is much better
for fatigue reduction than PI control. The maximum pitch speedPC for Pl control rises to 7/s
from only 2° /s for collective pitch control. But for LQG control the maximupitch speed appears
to be only 4°/s.

flap moment Mzb pitch angle Thbl
T T

[dg?/Hz)

. . .
0 0.5 1 15 2

Yaw Moment Myaw
T

[(MNm)?/Hz]

1 1 1 1 1 1
0 0.5 1 15 2 0 0.5 1 15 2
f[Hz]

Figure 21:Power spectra comparison of the two different control me#iB| (blue solid), LQG (red
dashed)

The main reason to use IPC for load reduction is to reduce fatigmage caused by 1P effects caused
by wind shear. A common industrial practice to compare tatipad obtained under different con-
ditions is to use an equivalent load range. Here a fatigu&algnt load cycle method, as explained
by Hendriks and Bulder [Hendriks and Bulder (1995)], is usedompare the fatigue loads for the
different control techniques. The reason being that thidwotketakes into account mean level of the
load cycles in addition to the equivalent load range , anad@gmovides a more thorough picture of
fatigue the effect on fatigue load on a material. This metlsatiéant to be used for the comparison
and not for calculating the actual fatigue load damage. Eld¢he absolute value is less important
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than the ratio of the equivalent load range of two spectrurhs.load spectrums of the flap moments
M, are transformed into 1 Hz equivalent fatigue loads and mappfatigue damage via the method
of Palmgren and Miner. The achieved reduction in fatigue dgma shown in Tab. 2 for different
values of slopen (3 or 4 for steel; 10 or 11 for reinforced plastic).

Table 2:1 Hz equivalent loading of flap momeMtzb(ln kNm) for the three controllers
Controller / slope no 3 10 11

CPC only 5.702 - 102 7.074 102 | 1.280-10% | 1.339 - 103
IPC using PI technique | 4.613-102 | 5.870-10% | 1.139-10% | 1.196 - 103
IPC using LQG technique 4.605 - 10? | 5.867 - 102 | 1.105- 103 | 1.158 - 103

Generally the blades are made of composite materials héopess10 and 11 are of importance.
From the two tables Tab. 1 and 2 it can be seen that even thoaghahdard deviation of blade flap
moments for LQG control technique is higher than that of theveational control its fatigue load

reduction of blade flap is better.

4.6 Conclusion

A simple linear wind turbine model is designed, based on diflalde coordinate transformation for
the design of both rotor speed regulation and 1P individilehontrol. Two individual pitch control
methods , one using scalar control theory (PI) and the othieg usodern control technique (LQG),
were compared and their results for load reduction andJatidamage reduction were analysed.
Preliminary time-domain simulations in full load conditgpredict an achievable reduction in fatigue
damage of up to 10 to 20 % using IPC. It also shows that LQG coistrobre appropriate than scalar
control in achieving significant load reduction with mininpétich actuation and hence is more suitable
for large scale wind turbines.
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5 Analysis and model reduction of detailed design of 2.5 MW wind tur-
bine

5.1 Introduction

The ECN computer code TURBU [van Engelen (2007)] generates reldinearised models for 3-
bladed horizontal axis wind turbines. These models inclunfsiclerable features that are necessary
for control design and aero-elastic stability analysig hending and torsion deformation, (unsteady)
aerodynamic and hydrodynamic conversion and wake dynavhicke! inputs for the drive-train and
rotor blades are transformed into multi-blade coordinaiefore they enter the LTI-model and the
LTI-model outputs from the drive-train and rotor blades aa@$formed back to rotating coordinates.
A linear model is computed for a certain aerodynamic equilib state. The latter is derived via
the Blade Element Momentum theory. The average deformatite st matched to the aerodynamic
equilibrium. This is based on non-linear propagation of thfodnation of the individual elements
caused by the average loading; the average deformatiohgmeeset is based on slender beam bending
theory. The basic design ideology of the wind turbine modeivdd from TURBU is shown in Fig.
22. The multibody wind turbine model so generated has 14 tdbaeents with 5 degrees of freedom
for each blade element and 15 support elements with 5 degféedom for the tower.

FULL BLADE DEFORMATION
(5 MODES/BLADE) Q & 9N TWIST VARIATIONOFF

. j/ pEE@

DOF GEARBOX HOUSE (LDFF ROTOR ST ==
S¢S -
SNSoa—" "' Reme . - >
%’ WIND VELOCITY U
DOF GENERATOR SPW DOF PITCH

DOF NACELLE (6) OFF ﬁ“

Q)

T " FULL TOWER DEFORMATION
% - (8 MODES)
!~ DOF FOUNDATION (6)OFF
"

Figure 22: Wind turbine multibody model generated by TURBUu@esy: [van Engelen (2007)]

5.2 Model reduction for control design
The high-order sub models for the rotor blades and the toveaeaiuced. This is based on elimination

of high-frequency modal modes in accordance with the amtr@aopted by Hurty and Craig &
Bampton. This way we can reduce the model order significantliyout any loss in accuracy in the
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dynamic behavior of the lower bending modes. Individuatipitontrol is used to reduce 1p bending
modes which occur at around 0.35 Hz frequency. Hence it isgmthat we take into account a low
order model that maps only the low frequency behavior of tinkeinhe. The TURBU program allows
the user to choose distinct degrees of freedom in order igrassery low order model [van Engelen
(2007)]. Hence for Individual pitch control the importardgtees of freedom that are needed are 1
degree of freedom for each blade element (lumped blade maael degree of freedom for the shaft
(shaft torsion) and generator speed, and finally one degréeedom for the tower. The reduced
order lumped model as shown in Fig. 23.

BLADE DEFORMATION OFF

Q§ \\“éi'ﬁ TWIST VARIATION
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DOF GEARBOX HOUSE (1())FF:“&@% \ / ROT%&EE@
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WIND VELOCITY U

DOF GENERATOR SPEED__ - DOF ELAP HINGE

TOWER DEFORMATION OFF

~__— DOFROLL,TILT, TORSION

Figure 23: Wind turbine reduced order lumped model genetagelURBU ( The DOF's in red are
the included states and DOF'’s in black are omitted(denotedroy ‘OFF’)). Courtesy: [van Engelen
(2007)]

The frequency response plots of the multibody and lumped hstasv that the lumped model has
all the required dynamics at low frequencies (around 1papfiears to be an appropriate choice for
control design model which follows from the closed loop &f@n function analysis as shown in Fig.
24.

5.3 Control design

For multivariable control the wind turbine system is dedifeom the reduced order lumped model
and an augmented system is derived by adding a random walklrasdxplained in section 4.2.2.
The Kalman filter provides an unbiased estimate of the wholeneaged wind turbine system.

The controller gain is found out in a two fold manner as degttin section 4.2.3. But here the pseudo
feed forward gain is not static in nature as in the simplifiedduiurbine model. Since TURBU is a
more detailed model and the fact that there is a coupling detvthe tilt and yaw moments, shows
that the tilt and yaw moments have a large effect on the stdtd®e wind turbine. Hence the feed
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Figure 24: Frequency response from multi-blade pitch anglestbr speed, tile moment and yaw
moment, both for the multibody (blue-solid) and the lumpeatels (red-dashed)

forward compensation is actually a dynamic compensatidmigue. For dynamic compensation we
need to invert the transfer function betwegtt andi M.~ (G(z)) as explained in Sec. 3.3.1.

5.4 Results and Conclusion

Conclusions similar to the one made in Section 4.3 can be mesb=lon the results with the TURBU
model, as depicted on Figure 25. Now there is coupling betwitteand yaw-oriented moment, so
the off-diagonal channels are also plotted. Notice théboailgh the IPC controller design has been
performed based on the reduced lumped TURBU model, the sasuthe figure represent the closed-
loop system with the detailed multibody TURBU model. For camigon between the multivariable
control technique and simple scalar control [van Engelen\@rdder Hooft (2003)] the following
implementation is followed.

e The same simple three scalar control loop, but with stataodpling inclusion [van Engelen
(2007)] is implemented

* The new multivariable control technique explained in Se8.i$implemented

The feedback loop configurations are presented in appendixdsn Ere frequency response it can
be seen that out of the two configurations, multivariable rdritas the maximal load reduction at
around 1p frequency. This conclusion with the TURBU model egeith the result already provided
with the simplified wind turbine model.
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Figure 25: Frequency response plot of tilt momefy;, (first row) and yaw moment/,,,, (second
row) due to the multi-blade wind inputs;™ (left column) andu§™ (right column) for the TURBU
model with no IPC (blue solid), conventional IPC (red dasheattand new feedback-feedforward
IPC (green dashed).
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6 Conclusions and Recommendations

6.1 Conclusions

The present trend in the field of wind energy is to reduce the afoshergy production as much as
possible with the help of wind turbines. This is done by insieg the size of the rotor blades and
placing the wind farms in areas with the highest average wape#ds, for example offshore locations.
With the increasing rotor diameter and moving them to lacetiwhere maintenance is difficult and
expensive, active reduction of fatigue loads has becommpartant topic of research.

A very important factor that affects the fatigue loading he tLP loading of the rotor blades due
to wind shear, tower shadow and skew inflow. Hence the obgdithis thesis was to develop a
controller that could reduce the blade loading for this kaddlisturbances. Multivariable control

utilising a LQG control technique and feed forward disturtErejection technique were applied for
this purpose.

The main issue addressed in this thesis was to show that amididle control technique can be
successfully implemented to reduce 1P loads and in turn &g tasreduce fatigue loads. This was
achieved by addressing the following issues

e Development of a wind speed model
» Design of a basic Controller structure

 Design of a feed forward Controller for wind disturbancgecgion

Development of awind speed model Wind speed variations are difficult to measure and pitot tubes
used for wind speed measurements have robustness issuee e need to have a model to simu-
late the wind signals. In this thesis a simple random walk@hbés been suggested and implemented.
The advantage of this model is that this model is linear andscanlate the low frequency behav-
ior of the wind turbine fairly accurately and reduces cost®lived with system identification for
determining models for wind signals.

Design of abasic Controller structure The control design for IPC was solved in a two stage manner
by a) determining optimal feedback gains for the wind tuelstates and b) coupling it with (pseudo)
feed forward gain for wind disturbance rejection. This cewdjgain is then added to the Kalman filter
derived for the whole wind turbine system (including thedam walk model for the wind signal) to
form a LQG controller.

Design of afeed forward Controller for wind disturbancerejection The feed forward gain for wind
disturbance was found to be static for the simple turbineehbdt, for the more complex TURBU
model, a dynamic feed forward controller was needed.

Finally the multivariable controller was compared with #sealar loop controller [van Engelen and
Van der Hooft (2003)] and the following results were obtadine

* The three scalar loop controller has a much better 1P blaat#irlg reduction (static load re-
duction) when compared to multivariable controller

« At 2P blade loading and 3P nacelle loading frequenciesythiéivariable controller has much
better load reduction capabilities and hence much highiguka reduction.

< Analysis with the TURBU model it was seen that the scalarrodiet could not reduce the loads
around the 1P- frequency in fixed frame coordinates (2P frexyuenthe blade coordinates)
because of the coupling of the tilt and yaw moments at 1P &eqy which was taken into
account by the multivariable controller
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Hence even though scalar approach has much better zerefregload reduction the multivari-
able controller is much better when it comes to load reductibblade loading and nacelle loading
frequencies and is hence better suitable for fatigue loddateon.

6.2 Recommendations
6.2.1 Overall Control Structure

In this thesis the IPC control loop was added in parallel tdective pitch control and generator
torque control loops. Presently, wind turbine control isssafed in two distinct operation areas. At
below-rated operation the torque controller is active dmdpitch demand is fixed at optimal pitch,
while in above-rated operations the pitch controller isvecand the torque demand is fixed at rated.
Around rated conditions, additional logic is applied sd gir@duction losses are kept minimal during
the switch. Further, IPC is added to the control setup in abatedrconditions for load reduction.
This means a total of three controllers is used independesdaf other in order to maximise power
generation and reduce blade loads at the same time. But,ity nniltivariable control techniques
we can lump these three different controllers into a singl&moller and thereby improve the power
production. This coupling of CPC and IPC, in a multivariabletcolrconcept setup will also eliminate
the coupling effect that is present between the two conbias.

6.2.2 Improvement of 1P blade loading frequency load reduction using weighting
frequencies

The present control technique reduces the blade momentstm/@rhole frequency range. But the
actuators do not function at those frequencies and henceathieol effort utilised to reduce high
frequency loads is actually wasted. Hence weighting filtarstie added to the controller so that only
low frequency loads are reduced and there by zero frequeacyreduction is enhanced.

6.2.3 LPV modeling and control
The presented control approach follows a linearised wirtainermodel. But the wind turbine as such
is a non-linear system. Hence a LPV controller taking into antthe non linearities can be designed

and this would greatly reduce the complexity of the contialcure for the different operation zones
and simplify the control structure for overall control okttvind turbine.

It is also recommended to

¢ Include blade bending and unsteady aerodynamics in theat@ynthesis approach;

e Simulate the control configuration with a nonlinear wind toeomodel like PHATAS.
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A Proof

A.1 Stationarity of multi-blade wind speeds

Theorem Under the assumption homogeneous turbulenceaobrstational speed and non-oblique
oriented wind flow, the multi-blade componentg™, « = 1, 2, 3, of the blade effective wind speeds
are stationary processes.

proof For homogeneous turbulence and purely axial wincctie, the blade effective wind speed
u;, experienced on a fixed point on a rotating blade, can be esguléna the form of a time-varying
Fourier expansion

wit, ) = Y e W), (81)
p=—00
where;(t) is the azimuth angle of bladeand
2w
()= o [ ePult.0)as 82
2w 0

are time-dependent rotational modes. It has been showramHwngelen (2006)] that the following
expression holds for the multi-blade coordinates of thddlkeffective wind speeds

usm(t) s | i Q3 (t)
us (6| = Y e gme () — a1 (1)) (83)
ug™(t) (U3m+1(t) + Ugm—1(t)).

Then, witha* denoting the conjugate af it can easily be shown that

m=—00

u§m(t+71)1" 00 _ Usp (t 4+ 7)
ush(t+T) | = Y eI (@, (U T) — A5,y (¢4 7)) (84)
ug™(t+7) n=—00 —J(5, 1 (E+7) + 43, 1 (t+ 7))

Therefore, for the variance of” one has
E{ug"(1) ggém(t +7))"}

_pl Y e mgmH(t)—asm1<t>>(a§n+l<t+7>—a§n_1<t+7>)} 65

= Y I TE (gr(t) — s (1)) (851 (t - 7) — B (24 7)))

since under assumption of constant rotational speed onthatag = Qt + (0), so thate/3(m—)v
are purely deterministic signals. Furthermore, in [van Eeig€R007)] it is proved that, under the
considered assumptions, the rotational modes are ortlabgod stationary, i.e.

E{ay(t)i;(t+71)} = 6(p— q)oq, (1), (86)

whered(-) denotes the Dirac’s delta function, amgl (7) is the correlation function af,,. Therefore,
in the above expression f@f{us" (t)(ug™(t + 7))*} all terms forn # m drop, giving

o

E{us™(0)(us™(t + 7))} = D (0ag 1 (7) + Ty (7). (87)

m=—00

Clearly, the correlation function ai§™(¢) is not a function of the timeé. The same lines can be
followed for the first and third multi-blade component§”(¢), andu§™(t) to arrive at the same
conclusion. Therefore,{™(t), i = 1,2, 3, are stationary processes under the mentioned assumptions
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A.2 Observability of random walk model
Theorem The augmented system given by Eq. 70 is obserfal#e C) is observable, an@'(\] —

A)TLFT¢ # 0V eigenvalues\ € C and eigenvector$ € CP of @, provided the eigenvalues dfare
different to that ofA.

proof This proof is basically derived from [Mesic et al. (20P3According to Popov-Belevitch-
Hautus (PBH) test for checking observability, the augmestesiem Eqg. 70 is observable if for all
eigen values of the system denoted as below

T IN e

[C 0] m = 0 (89)

the condition:

iff [n7¢7]" =0.
From the lower part of it follows that; = 0 or A is an eigenvalue ob. With ¢ = 0 it follows from

Eq. 88 that &y = An and according to the PBH test)€an only be zero provided thats zero, since
the pair (A,C) is observable. With an eigenvalue ob the top row of 88 readgA\I — A)n = FT¢

and therefore; = (M — A)~!FT¢ since ) is not an eigenvalue of A. HencenC= 0 implies
C(M — A)~'FT¢ = 0 but this can only hold provided that= 0, and hence proved.
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B Feedback loops

The graphical representation of feedback loops for the tiferdint individual pitch control is pro-
vided here.
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Figure 26: Layout of Control loop for three scalar control wgtatic decoupling. Courtesy:
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