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Abstract: In this paper, the application of a robust multighle control system designed for a horizontal
variable speed wind turbine is discussed. The obptoblem presented and the background of thegdesi
method is given. A, controller based of a linear model that reducestiechanical fatigue of the turbine

is designed. The alleviation of the mechanical $oaduld increase the lifespan and the quality ef th
produced energy. The Htheory is used to synthesize controllers achievinigust performance and
stabilization and it has the main advantage thaio#s not make any assumptions about the noise and
external disturbances that affect the system andiitimizes the worst case estimation error. The
performances obtained through this control methed discussed and presented by means of a set of

simulations.

1. INTRODUCTION

low frequency variations of the wind. The seconthponent,
v(t) is a turbulent component, that corresponds tofdkg

Wind energy has widely grown during the last desadied high frequency variations, and, is a white Gaussian noise.
nowadays it is one of the most competitive forms dNormally v is described by von Karman or Kaimal spectra,
renewable energy. Wind turbines are large compldit & good approximation of these spectra allowsletting

dynamically flexible structures that operate inbtulent and
unpredictable environmental conditions where tHiieficy
and reliability highly depend upon a well desigraghtrol
strategy.

The wind turbine studied in this paper is a hortabrariable
speed wind turbine that functions in the abovedatpeed
regime. This type of wind turbine is currently thst used
technology, having the advantage that it can atlmwotor to
operate at various speeds and therefore it canitparmore
efficient capture of the wind energy with less s¢rén the
turbine’s drive train during wind gusts [Bianchiat 2002].
The reader can find more wind turbine modellinghteéques
in [Cutululis et al. 2002] and also detailed expi#ons
regarding the use and purpose of each type of model

From a control point of view, the importance is ooty on
ensuring an optimal operation of the wind turbinas, also
on load reduction and grid integration. In ordedtothis, the
wind energy conversion systems, should be capalble
providing good quality energy from a profoundlyeigular
primary source, which is the wind. The wind speead
modelled in the literature as a non-stationary oamghrocess,
yielded by superimposing two components [Cutulelisal.
2002, Nichita et al. 2000, Nichita et al. 2002]
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v; through a linear equation superimposed in its with the
white noise (2). These factors make control to paay
increasing role in wind turbine regulation, by antiouous
essay to significantly improve all aspects of advamergy
conversion system.

The characteristics of the wind energy sourcerapoitant in
different aspects regarding wind energy exploitatidhe
energy available in the wind varies with the cubéhe wind
speed. Also the value of the wind speed determihes
functioning regime of the turbine. Tow major fumeting
regimes were identified. The first one correspatadthe low
wind speed operation and here the control goal ois t
maximize the energy extraction. When thatéd speelis
reached, the turbine enters into the second regimpical
values for the rated speed of the wind are 12-14m/s

In the above rated region, the pitch angle and the
electromagnetic torque are the control variableslhg used

tg reduce the structural load and to maintain tput power
around the nominal value imposed by the generdibe
iclassical control scheme of the system can beisdeig.1.

We have focused our attention on this regime, whbee
system is multivariable and multi-objective. Theéchiangle
control has a direct impact on the aerodynamic ef®rc
developed on the rotor. Consequently, inappropriate
controllers may induce tower bending and vibratipkisg-

Jia et al. 2008].

Various control synthesis options have been applied
response to wind turbine control problem such ab PI
controllers, LQG controllers or fuzzy logic contesk. The

Wherevd(t) is the low frequency component. It describes thelassical control structures proved to be simpk mibust but

behaviour of the wind currents on long term, armzbinprises



most of the times they require the implementatibmaoltiple
control loops in order to accomplish multiple canhtr
objectives. Nevertheless, the modern state spatieod®can
be designed not only to optimize power or to regulde
turbine’s speed but also to add damping to itsilflexmodes
through state feedback [Wright et al. 2004]. Thisper
presents the characteristics of a horizontal vigiapeed
wind turbine, the state space model of the systad the

design  of a (sub) optimal J controller.
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Fig.1 Wind energy conversion stauet

In Hy control systems, the exact model is not requiesa]
some uncertainty is allowed. The simulations shbat the
proposed control method is effective and highlyusib

2. WIND TURBINE MATHEMATICAL MODEL

Generally, the model of a wind energy conversicstesy can
be structured as several interconnected subsystaaels an
aerodynamic, a mechanical, electrical
subsystems. But since the dominant dynamics liehim
mechanical subsystem, special attention will bel paithis
direction.

The mechanical structure that we chose to studseén as
being arranged into several rigid bodies linked flexible

joints. The amount of these joints or degrees etdom,
determines the order of the model. In [Lupu et 2006]

[Vanegas et al. 2008] and [Wright et al. 2004] aran

observe the way in which the number of degreesesdom
of the system can increase the order of the naatimodels
of the turbine.

Therefore, it is important to consider on the mddst those
degrees of freedom that are directly coupled to dietrol
[Bianchi et al. 2002]. By this reason, the modedgented
here, will include just the first mode of the dritrain, the
first mode of tower bending dynamics, and the fingtde of
the flapping of the blades. These degrees of freeddll
suffice for the controller design that will be peesed (Fig.
2). The drive train is modelled as a two rigid kesdiinked by
a flexible shaft (Fig. 3).

Also it was supposed that the two blades move isamnand
support the same forces. In order to compute thdemaeve
have started from a theory that states that a nmécdla

and actuat

system of arbitrary complexity can be described thyg
equation of motion

M 06 +C L +K [ = Q(q,q,t,u) 3
whereM, C andK, are the mass, damping and the stiffness
matrices,Q is the vector of forces acting on the system, and
g is the generalized coordinate. For our model, the
generalized coordinates are

q=(wr,ws,{1,{>. Y1), Wherewr is the angular speed of
the rotor,wg stands for the angular speed of the generétor,
and £, are the flaps of the blades, whiye represents the
horizontal movement of the tower (Fig. 2).
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Fig. 2 The mechanical structure of the wirndbitue

Fig. 3 The two mass model representation of thedrain

We considered that the thrust forces acting on &tade are
equalFeroi= Faerom=F aere @nd that they deform the blades in
an identical way, therefore we can wrife= (= ¢, which
transformedq into q=(wr,ws,¢, Y1) - In the same time,

one can find Q as being:
Q = (C aero*_Cem* Faero ’2 EFaero) (4)

The considered forces that are acting on the syaterC,erq,
the aerodynamic torqu€,,, the electromagnetic torque, and
F.ero representing the thrust. The thrust force actinghe
entire rotor and the power extracted are expresstims of
non-dimensional thrust and power coefficien®, and C;
respectively, as follows

1
Paero =5tpDTER2 To(1,A0°
1

Faero =5 P OTR” B (1, /) IV

®)



wherep represents the air densify|s the blade radius, and
is the average speed of the wind. In the simulatitwat we
did, we have considered the speed of the wind atat

variable in which the slow variant component givtbe

operating points while the turbulent componentasrsas a
disturbance that can determine the system to hariations

around the operating points.

The power coefficient is one of the most important

parameters of the wind turbine because it offefgrination
upon the efficiency of the turbine, it helps deiigithe
control objectives in the below rated regime ando ait
characterizes the aerodynamic torque that movesithime’s
rotor. The power coefficient and also the thrustfficient
can be expressed in a polynomial form, and depentivo
parameters, namely the tip speed ratand the pitch anglg
of the blades.

In order to derive the mathematical model, one used the
Lagrange equation that offers a systematic proeesdar
calculate such models.

i &)_ﬁc +ﬁ+&

dt &y’ Ay & o =Q

(6)

Here

Dcw = (acaero J ’ Dcﬁ = (acaero ) ’ Dcv = (acaero )
aa)]— Sop 6'8 Sop ov Sop

and

wa =(6FaeroJ ’ Dfﬁ =[0Faero) va =(0Faero) ]
awT Sop 6'8 Sop ov Sop

Besides these equations, in order to interconfecirodels
of the individual subsystems, one must include itite
model, the pitch controller. This was modelled hesea first
degree order system [Lescher et al. 2005]

p__1_
Biret 1+Tﬁ|3;

is the actual pitch angle of the blades.

We have taken into consideration the fact that piteh
servomotor has some physical limitations, and we&eha
modelled them by including into our model one sation in
the position and one in the speed. For this studyhave
supposed that the saturation values in position-4& and
45°, and that the servomotor does not exceed thedspf

, Wherep, is the desired pitch angle ajid

Here, E,, Es and E, denote the kinetic, dissipated andlO’/s. In Fig. 4 one can observe the way the pitch

potential energies.
After a few calculations, applied for our systeme mbtains:

Ec:%tm,ﬁ+‘]7@|1é +%|:y$ +Mp ¥y +1p )2
Ll
2
K k
Bp == 6 =6e)" +ho o )"+ 0%

These energies were calculated under the suppoditid the
generalized force that acts on the rotor is appliech point

o =B llet ~a)? +3, I, B+ L W)

situated at the distanece on each blade from the hub of the y(t) = C Ck(t) + D [u(t)

rotor (Fig. 2).

In the above equationd; andJg represent the rotor and the
generator moments of inertid);y and Mp are the masses of
the tower and of the bladép, dy and d; represent the

damping coefficients for the blade, drive shaft aoder.

Similarly, ke, ka andky stand for the spring coefficients of the ™

blade, drive shaft and towe®; and @ are the angular
positions of the rotor and generator.

The

subsystems, leads to a global highly non lineartesys

mainly because of the expressions of the aerodyntoriue

Caero Whose mathematical expression is given by:

V3

- D_
wr

aero —

C

2 IR T, (4 ) (®)

and also due to the nonlinearity of the thrustédfg,.

For control design purposes, we linearized the rhadeind
a operating poing,;

Caero = Dcw Ij"‘I’ + Dcﬁ E.B+ Dcv v
I:aero =Dfa) D:‘)T + Dfﬂ I:B"' va R

©)

interconnection of the models of different plan

servomotor’s dynamics were modelled.

Fig. 4 The pitch servomotor dynamics niliatg

After combining all these equations, one can pltaftd (1)
into the into the classical state-space repregentat

X(t) = ADK(t) + BI(t) + E On,

(10)
In which
0 0 0 1 -1 0 0 0 0
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
-514 0 0 -069 028 0 0 -2 004
=| 26829 0 0 146 -146 O 0 0 0
0 -39047 3035 015 0 -39 017 -013 004
0 45714 -24285 -021 0 457 =142 -021 007
0 0 0 0 0 0 0 -555 0
0 0 0 0 0 0 0 0 -014
0000 0 00 0 1Y
B=[0 0 00 -244000° 00 0 O
0000 0 0 0 555 0
0001 0 00O00O 0 0 107
C=ooooozsooooDzooo
0010 0O 0O0OOf 00 O
0100 0 00O00O 00 O
E=(000O0O0O0GOO0 J.

The system is multivariable; there have been ifiedtithree
inputs and four outputs (Fig. 5). In the simulasiprihe
turbulent component of the wind was considered ashite
noise passed through a Nichita filter [Nichita &t 2002]
which has the transfer function



m, O B+1 Therefore, the H theory comes to solve this problem by

Hr (9 =Ke I:I(TF B+)Om, O B+1) with  Te=11/36, offering a simple synthesis procedure that expjicit

Ke = 4.11, m=0.4, and m=0.25. Further details about theaddresses questions of modelling errors. Theckntroller

wind model can be found in [Munteanu et al. 2007]. can work with deterministic systems and it is rdbwith

vim changes in the model parameters. It minimizes thenbtrm
P_el of the closed-loop system transfer function andthetmean
B wr—- square error like in the case of an LQG contrahmégue.
oo Wind Turbine System yr The idea of the H is the minimisation of the effect of the
E— noises and disturbances acting on the system, wtithaking
sk any assumption on them.

Fig. 5 The block scheme of the controBgdtem Th luti 4 in thi . okht
As shown in Fig. 5, the input variables of the eystare © SOlLfion proposed in this paper cOmprISes A Stae

consideredy,, the average value of the wind speed, and tHrggulator and a Hfilter. The role of the filter is to minimize
two control variables: the pitch anglef, and the the worst state estimation error. Thus we obtaki.autput
electromagnetic torqu@e, feedback controller combining a state feedbackaafifer in
Here, we have considered the state vectd similar way with the well known LQG controller. aMill

W = (6, -85, YT-CU‘r,ij, ye B.\)T, the output of consider first the standard.Jtontrol problem [Doyle et al.

) 1989]. The closed loop system is given in theuwitbelow
the systeny = (P_el w1, {, yr), and the command signal= (Fig.6).

(B, Cem). The first component of the output vector repnese
the electrical power generated by the turbine. dh de > W

computed as P_el=wg [T, but in this paper, its  —— ——
normalized value was used. G

The other output variables that we are interestedre: wr
because the goal is to try to maintain it constantits
nominal value, no matter the changes that appeathen Y u
environment, the flap mode of the blades and oftoeer ¢
andyy respectively, because, it is desired that thesahlas K
be as small as possible.

The two available control variables are the pitdgla and Fig. 6 The general representation of the closed kystem
the electromagnetic torque. The numeric valueshefwind
turbine’s parameters can be found in the APPENDiXthe
end of the paper.

A 4

There,G is the transfer function of the process &hik the
Hs controller one tries to find. In its general fo@can be

written as
3. DESIGN OF THE B CONTROLLER A B, B,
G, G
As previously said, many control techniques wereppsed G =[Gn Glz} =[{C; Dy; Dy (11)
along the time for different models of wind turlbsne 21 T2 C, D, D,

depending on the objectives set. . )
which corresponds to the following state space ¢ssc

The idea of conveniently sizing a trade-off betwesrgy model

efficiency and increasing the lifetime of the winagbines by

alleviating fatigue loads is continuously beingdapecial X = Alx+B; [w+B, [u

attention, even when employing controllers liked?IPID. 7= C, X+ Dy, W+ D, [ (12)
However, these approaches do not allow a rigorausral =C. X+ D.. W+ Do, [

design in order to perform a fine tuning of thedwaoff y=%2 21 22
between the energy performance and the reliatiifiynands By making an equivalence between (12) and (10), care

[Munteanu et al. 2007]. observe the fact that the variabhe from (10) corresponds to
The LQG regulators proved superior performances #i€ variablew from (12). The triple 4 B, C) has to be
ensuring this objective. controllable and observable in order to guarantbe t

existence of a controlleK that internally stabilizes the
) > ; ; system. The feedback controllé(s) that is searched, has to
linear description, that the exogenous noises #tdrances . L
R - make the system internally stable and minimizeHhenorm
impinging on the feedback system are stochastioature ) .
and have known statistical properties. Reality shahat of the transfer function from the perturbatidnto the error

accurate system models are not readily available fsignalz
industrial problems and in addition, engineers lyare ; _
”TZW(S) ||°° —VO

Nevertheless, the Kalman theory supposes thatlém Ipas a

- . min
understand the statistical nature of the noisege®es that act «stabilizing

on the industrial processes [Simon 2006].



where T,, is the closed loop transfer function fromto z
given by

T,w =Gy #G, KOl =Gy, K) ™ By,

Kr was chosen asr - -1.051, where | is the unity matrix of
order 2.

(13) "

Therefore, the H controller will have to minimize as much
as possible the influence of the disturbances aigks on the \
output of the system. 1 y

In practice, usually one can only get a sub-optis@ution -

that makes min |T,,(s) |, <y [Chen etal. 2002].
Kstabilizing ©

In [K. Zhou et al. 1995] it has been shown that $kendard

Hs controller can be obtained by connecting a spesifate
estimator and a state feedback under the worstersyst
disturbances. However, the state estimate usedisiae the

H. optimal state estimate of the process.

NIETS »

In this paper we apply an alternative approachHgroutput
feedback control using a serial connection of fitter and
Hs, state regulator, which makes possible to obtaiH.a

optimal estimate of the process state. Fig. 7 The system controlled by, dtate regulator and filter

Forz = Cx, the H, state regulator has the form=-K_ [k, The simulation results are presented in the Fig &dlow.

K=BX, whereX is the nonnegative definite solution or the *:

RICCatI equ atlon 4 [AWUMV_.V”MWAVNVWVAVAVA‘/\,_VV AP o et AP Ao AP A
A K+ XA+ XOEE /) -BE)K+C [ =0. (14) |
According to the bounded real lemma, such a northvega 2_5(}
definite  solution X  exists if the condition -
min (T, (s <y is satisfied. L3
Kstabilizing" ) [, <¥ .
Assuming that y(t) =Ck(t) + DU(t) +/7 wheren is the  os
measurement noise, the, filter is defined as 0

X= Ak+Bi+K; Qy-Ck-DM), K; =YIT _ o
Fig. 8 The variation of the angular speed efribtor
WhereY is the nonnegative definite solution of the Riccat,,

equation

LY YT ST VY I U ST T OU SN P 0O SN N ST RS SN SRS N W IR O AR VI
it e P AR AR et e o A e v e Al et e S e

AY+YAT +YOI/y*-CT [T)IY+ELE' =0.

4. RESULTS

(15)

0aH

The simulations were done using MATLAB/SIMULINK " f } f 7
software and the results proved good performantés '
chosen operating point for the linearization of #hestem
corresponds to the average value of the wind spe& m/s.

0z | i | i i | i

In Fig. 7 one can see the control scheme that wed for the 5 E E » = » » =
simulation. Fig. 9 The variation of the normalized eleetr power
The simulation was done considering that the sysiem | x1o?
perturbed by wind gusts represented by the variabbnd
also that the measured variabjeis affected by some
measurement noisg First a H, state regulatou =K, X
was computed fop = 1. The system was put in the form '
given by equation (12) withz Cx.

As the full state is not available, the feedbacknowmnd is VW l -UV I VW a W BRI B
realized asu =K [X, whereX is the H, estimate oX. The ~~ ' |
value chosen here fprwas 0.8. In turn, the weighting matrix K : 10 18 20 B 30 3 40

Fig. 10 The variation of the first flap modetbé blades
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Fig. 11 The horizontal movement of tiweer

One can observe from the pictures above that tlgeilan
speed of the rotor and the electrical power produme the
turbine follow their reference values, while theigbles that
we wanted to minimize have also very small values.

Namely, the blades suffer a deflection of maximurmgh
which compared to the dimensions of the blades lman
considered insignificant.

Also the tower’s displacement does not exceed A4itvis,
being again an acceptable value if one thinks &
dimensions of the tower.

The robustness of the system results form thecbintroller
features, this control guaranteeing the asympitbility of
the closed loop system as well as the attenuatfoth®
exogenous disturbances.
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Appendix The values of the wind turbine’s paraneter

THE NUMERICAL VALUES OF THE WIND TURBINE
PARAMETERS
Symbol Physical measure Value
J Turbine inertia 214 000 Kg *
J Generator inertia 41 Kg *m
M+ Tower and nacelle mass 35000 kg
Mg Blade mass 3000 kg
Kp Blade Stiffness 1000 Kg* nf/s’
Coefficient
kr Tower Stiffness 8500 Kg* m/$
Coefficient
Ka Drive Shaft Stiffness | 11000 Kg* nf/s®
Coefficient
dp Blade Damping 10 000 Kg* ni/s
coefficient
dr Tower Damping 50 000 Kg* m/s
coefficient
da Drive shaft damping | 60 000 Kg* n¥/s
coefficient
Ip Distance from the rotor| 8m
hub
N Number of blades 2
D The rotor diameter 34m
P, Nominal Power 400 kW
Qrom Nominal rotor speed 4 rad/s
h Tower height 47 m




