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Abstract— The purpose of this work! is to develop a robust Many control strategies have been proposed in the lite-
controller for variable speed wind turbine based on Multi- rature, based on LTI models. Classical controllers have
objective synthesis in order to optimize the wind energy oo, extensively used, particularly the Pl regulator [3], [4].

capture in partial load operation (below the rated power), . _ . ;
while minimizing the transient loads in the turbine shafts. OPtimal control of wind turbines has been also used in the

A linear model of the wind turbine is first derived from a L@ [5], [6], and LQG form [2], [7].
nonlinear aeroelastic model. Control objectives that associate Robust control of wind energy conversion systems (WECS)
Hj and Hoo are formulated in LMI form which is known to  n55 peen introduced in [8] and also used in [9] - [10].

offer powerful tools to mixed criterion optimization. The aim An H h usi ighting filt for i ¢ d
of this work is to show that Multi-channel method provides an "' oo @pProach using weighting fiters for inputs an

efficient way to handle a Multi-objective synthesis in variable Outputs is presented in [11].
speed wind turbine control. Simulation results show good However, as mentioned in [2], the drawback of the methods

performance of the proposed control law when applied to the quoted previously remains in the fact that the control ob-

aeroelastic model under & stochastic wind profile. jectives used to controller synthesis are not well formulated
Index Terms—Wind turbine, variable speed, multiobjective  to take into account the stochastic and dynamic aspects of
control, H2/Ho control, aeroelastic models the wind turbine control
In the case of variable speed wind turbine (VSWT), control
|. INTRODUCTION below rated power must achieve two functions : optimal

rotational speed tracking with fast wind speed variations re-

Advances in wind turbine technology [1] made necessaty . - LS -
. -~ >~ jection and avoiding significant undergoing efforts (torques
the design of more powerful control systems. This is i . .
and forces) for wind turbine structure.

:)hrg;r r?OLgpr&\;ﬁavg:gdaﬁgbrlnn;se ?gl?:t\)lllgr’ namely to maan [11], those two objectives are treated identically by
profital " . synthesizing a controller that minimize thé.. norm of
The.control objective depends on the region where the W"}ge transfer matrix between exogenous inputs (wind speed
‘“Tb'”e (W.T) operates.,. - . v and torque disturbanc&y) and the observed outputs
Wind turbine operation can be divided into two re'(tracking error and control signal)
glonsBélI:(;\g/]\; 2@(1 wind speed (partial load) As known, theH ., controller minimizes the worse case of
wherew; < v < P P the ratio between thé, norms of input and output signals.
3 Abovevrlate:winvj.s eed (full load) But in the control problem considered here, it is necessary
wherev, < v < P to minimize the effect of fast wind speed variation over a
s the m:aQn W?nd ;}Séed long horizon while avoiding to the wind turbine significant
Y . wind speed. efforts peak. It is then necessary to use different criteria for
The wind turbine is stalled fov < v1 andv > vs. each objective

Control system design objectives for each region can l?ﬁ this paper, a multiobjectivél/H.. control is used to

speC|f_|eq by [2] - . . . build robust controllers for a horizontal axis variable speed
— Limitation and smoothing of electrical power in the_ . .
bove rated power area. W".]d turbme: : .
- aé%eneration of maximum power in the below rate(il.—hIS Paper 1s org.anlzed as fOHOWS'. Section |l presgnts
irst the wind turbine model, the optimal power tracking
power area. . . . problem is then formulated. This section ends with the
— Minimization of transient loads in all turbine linearized model of the aeroelastic wind turbine one. The
components. multiobjective H>/H, control approach is presented in
Section lll. This approach leads to a robust controller

I This work has been carried out within the proje@nergie that takes into account different design specifications. The
launched by Sugec. formulation of the Ho/H., problem into LMI is then
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Fig. 2.  Wind turbine scheme

Aerodynamic power

v ‘ vz ‘ v B. Problem formulation
wind speed
The simplified wind turbine scheme is given in Fig. 2

Fig. 1.  Wind turbine power curve . L
9 P The aerodynamic power captured from the wind is

o 1 2 3
exposed. In section IV, simulation results illustrate the Pa = 5pmR°Cp(X, B)v @)
performance of the proposed approach.
where
\— wrR
v

Il. WIND TURBINE MODELLING

table of the symbols description is given at the end of this
paper.

A. Model description i .
Using the relation

There are several classes of wind turbine simulators ac- P, = w, T, )
cording to the objective of each one. Aeroelastic simulators
are used to test loads supported by the wind turbine that
is regarded as a flexible structure. The combined effects
of aerodynamic loading of the wind, and the response of 1
the turbine’s structure, lead to complex simulators. Much T, = =prR*Cy (), B)v* (3)
efforts have been dedicated to the study of aeroelasticity, the 2
main benefits that are expected from these simulations sy
the accurate prediction of loads and performance of a win
turbine rotor, a better understanding of the aeroelastic phe- Cy(, B) = Cp(A, B)
nomenon, and finally the opportunity to test (and in a future ’ A
perspective to tune) the semi-empirical engineering models.

However, these models are too complex for controllers»(A,8) and Cq(A, 3) curves for the considered wind
design, consequently engineering models must be obtairfédibine are shown in Fig. 3 and Fig. 4.

for control synthesis. Control models are simpler and easier
to handle. They are generally represented by nonlinear or
linear set of ordinary differential equations.

In this work, an aeroelastic simulator is used for open loop
test, system linearization and synthetized control laws test.
In engineering aeroelastic models, the aerodynamic loads
are usually computed by semi-empirical models. However,
these are relatively simplified models of the fluid flow dy-
namics, and therefore may lead to inaccurate results under
certain conditions (particularly near and beyond stall, and

rodynamic torque expression is

08

for large amplitude deformations). At the same time, the // 7h \\

increasing capabilities of modern computers have recently %%%%%’;}}; ‘

made possible the numerical simulation of fully three- S a—— "
dimensional viscous flows (also named as Computational pichangepg) P 0 ip spoed ratio A

Fluid Dynamics, or CFD) for some realistic engineering
problems. Fig. 3. Cp(X,B) curve
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Fig. 4. Cq4(X, B) curve

The wind speed time repartition makes that, in most of
time, the wind turbines are operating in wind speed less
than rated one, hence the importance of control efficiency
arises in this operating regime. While energy is captured 6,
from the wind, the aerodynamic power should be maximi-
zed below rated wind speed.

The C,(X, ) curve involved in the aerodynamic power
expression (1) has a unique maximum (Fig. 3)

Fig. 5. Flexible Wind Turbine Degrees of Freedom

()"5) = ()‘optaﬁopt) 4)
that corresponds to a maximum power production, with
where - o o 17
AoPt = “r (5) q - [ ’(p =¥ 1. 2. ] T
q == [ Wy e (p 91 02 }

For this, in the below rated power area, to maximize wind

power extraction, the blades pitch angleis fixed to the The components of shown in Fig. 5 are described
optimal value 3., and in order to make\ tracking its N Fig. 6.

optimal value, the rotor speed must be adjusted to track

the references; which have the same shape as wind speed>YmPol | Description
since they are proportional. P Generator Azimuth Position
€ Shaft Torsional Deflection
wh = Aopt (6) ® Hub Teeter
R 01 Blade #1 Flap angle
the objective of the controller is to maximize wind power 6, Blade #2 Flap angle

extraction by adjusting the rotor rotational spegdo wind Fig. 6.
speed variations such that the aerodynamic power stands at
its maximum in spite of these variations.

Simulator Selected Degrees of Freedom

The linearized wind turbine model has two inputs : the
wind speedv and the generator torqug, that constitutes

C. Linearized model the control input.
Linear state-space representation of the wind turbine is w AT
given by { w } = { A’Ug } (8)
{ = Az+ Bu+ Bqug (7) The pitch angle of the blades is fixed to its optimal value.
y = Cz+ Dau The choice ofT, as a control input is motivated by the

the state vector contains the deviation from the operatingfact that when connecting the generator to the grid via a

point of the activated degrees of freedohg of the frequency converter, the generator rotational spegavill
simulator and their derivativeAd. be independent of the grid frequency. By controlling the

firing angle of the converter, it is possible to control the
_ |Aq electrical torque in the generator. The torque control using
r= the frequency converter allows the wind turbine to run at



variable speed and thereby makes possible a reduction of
the stress on the drive train and the gearbox [3].

The outputy is the rotor speed tracking error w “o >
—> 22
y = Aw, — )\gt Av 9) P(S) >
u y
I1l. M UTIOBJECTIVE CONTROL

As already mentioned, the controller objectives are :

1) Minimizing the effect of wind speed fast variations K(s) <

2) Reducing the stress undergoes by the wind turbine

parts

3) Tracking the optimal rotor speed;

The first objective can be achieved using dp criterion. Fig. 7. Hy/Ho. synthesis

It corresponds to the minimization of the wind speed

disturbances effect over a long horizon. While the second

is equivalent to avoid, to the wind turbine, significant effortd, and H., criteria.

peaks during wind speed peaks, thus the worst case. Thise output channek., is associated with théd., per-
can be reached using di. synthesis. In fact, thédd, formance while the channet, is associated with the
norm minimize the worst case of the ratio betweenthe LQG aspects K> performance in the case of white noise

norm of the outputl’s = and the inpute disturbance).
j Ae
: To _ |Feo| =
7l = sup |ma | =000 | g = %)= a0 (1)
weR [zECT lll2

The problem became a multiobjective optimization problem
A. H,/H,, control consisting of minimizing théd, of the T, transfer under

From the diagram of Fig. 7, theHlz (resp. Huo) constraint on theH> norm of theT: transfer :

controller synthesis problem can be formulated as finding  min ||7..||. under constraint | 732 < g (12)
a controllerK (s) over the set of all stabilizing controllers .
that minimizes theH, (resp. Ho,) norm of the Linear 7% is the transfer matrix fromw to z2 and 7o from w to

Fractional Transformation (LFTY ., Zoo-
Tew = Gau(s)K(5) (I = Gyu(s)K(5)) " Gyu(s) + Gz {Tm} _ {sz/w} _ {TAE/AU}
and where theH, (resp. Ho.) norms of transfer matris" = Tezrw Taw/av
are
1 e 1/2
7l = (5[ et Go)TGlde) 5. (i formuiation
ITlleoe = sup[omaz (T'(jw))] From the expression of.., ze and the state space
¢ equation (7), we can write

The problem solved in state space approach [12] gives a
systematic approach for the synthesis of an optifdglor z = Ax+ Biw+ Bou
H controller using DGKF algorithm [13]. Zoo = Coo+ Doo1w + Docou
However, both standard approaches, used independently, zo = Cox+ Dorw + Daou (13)
are not adequate with all design specifications. For instance, y = Cyz+ Dyiw+ Dyou
noise attenuation or regulation against random disturbances
are more naturally expressed in termsIa)G. Similarly, such that
pure H., synthesis only enforces closed-loop stability and w = Av ; u = AT,
does not allow of the closed-loop direct poles placement in Bi. = Bg ; B, = B
more specific regions of the left-half plane [14]. Cy, = C 3 Dy = Dy
The Multi-objective design procedures simultaneously take .
several performance criteria, the principle of these metho%g setting
is to define several channels associated with different c . [Cx . D | Doe1
norms. == [C’Q] ' == |:D21:|

Mixed H»/H is used in this work to reach design
specifications described at the beginning of this section. | Doo2
We then define two output channels associated with both #2 Doo



it yields

Dzl DzQ

Dy1 Dy U

compacted form

with

and

(14)

(15)

The controller K (s) has the following state space repre-

sentation
13
Yy

Details for controller synthesis are given in [15].

AK§+ Brku
CKé + Dru

(16)

IV. SIMULATION RESULTS

The wind turbine considered in this study is a variable
pitch, variable speed one. It consists of two blades rotor
equipped with individual electromechanical pitch actuator.
The rotor drives an induction generator.

The variable speed option interest comes out from the fact
that it reduces stress due to the transient loads in the main
shaft during the full load operation of the wind turbine and
optimizes energy extraction over all wind speeds below
rated. An additional benefit is that the variable speed
turbines rotate not so much during their life time ; i.e. they
can be brought to a lower rotational speed in the low wind
speed region.

Open loop response for a wind speed profile is first tested
on the aeroelastic simulatdefore applying the proposed
controllers. Both of rotor speed, and low speed shaft
loads are obtained for a wind speed profilel5fm /s mean
value (Fig. 9).

z defined in (11) is the performance channels vector. Its first
component is the shaft torsional deflectitZve associated
with the H., norm that is adapted to describe the stress
undergone by the wind turbine. The second charxe} is
associated with théZ, norm more suitable to measure the
reduction of wind turbulence effect on rotor speed along
a large time interval. The controllek’(s) computes the
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Fig. 8. Has/Hoo synthesis for the wind turbine

Aovt 5y, (Fig. 8).
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Fig. 9. Wind Speed Profile of5 m.s—!

As shown in Fig. 10(a), the open loop rotor speed
is compared to the optimal rotor speed™ that ensure
optimal power extraction from the wind. One can observe
a significant error betweew, and w,”, this led to a
poor aerodynamic efficiency and a large proportion of the
energy contained in the wind is not captured. We can also
notice from Fig 12(a) large oscillations in the rotor shaft
torsional moment. We note a large variation and significant

From the generalized state space representation (13), itdads submitted to the rotor shaft.

shown in [15], that one can construct, under certain condi-

tions, a robust linear controlldk (s) via LMI optimization
of the multi-criterion problem (12).

2developed by NREL, Golden, CO.
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In order to improve wind power capture and reduc@roblem of a wind turbine. This multi-criterion has led to
the mechanical loads, the proposed multiobjecfise H.,  the synthesis of robust controller satisfying two objectives :
controllers schemes have been applied to the aeroelasiracking optimal power curve and reducing shaft loads.
model under the same wind profile. Th& / H., controller This could not be formulated with the same performance
synthesis is based on the linearized model described in thterion (or norm).
subsection 1I-C. The linearized state-space representationaddition, it has been also shown a good level of ro-
of the wind turbine is first obtained, then the constraibustness, by using these controllers, in comparison with
ned optimization problem (12) is formulated into LMIthe as well as satisfactory results in presence of high level

constraints. The obtained controll&f(s) is thus tested on turbulence in the wind speed.

the aeroelastic simulator for the same wind profile (Fig. 9).
The rotor speedv, with the Ho/H, controller K (s) is
compared to the optimal rotor speed™® defined in (6).
Results are shown in Fig. 10(b). One may observe that
the controller achieves a good optimal rotor speed tracking

performance in spite of wind speed turbulence. This in- R

creases the wind power capture, indeed, as one can se
in Fig. 11(b), the tip speed ratia remains close to the

NOTATION AND SYMBOLS

wind speed(m -s™1).
air density(kg - m™?).
rotor radius(m).

%, aerodynamic powefW).

] ) T, aerodynamic torquéN - m).
optimal valueXop: with the Hz/Ho controller compared | tip speed ratio
to the open loop (Fig. 11(a)). As mentioned in Fig. 13, the C,(\) power coefficient
aerodynamic efficiency of wind turbine with the,/H C,()\) torque coefficient
controller is better than the open loop one. wf rotor speed(rad - s~1).
Generally, good tracking performance lead to significant wr rotor speed referencad - s~1).
loads in the wind turbine parts. The minimization of the generator (electromagnetic) torq(a - m).
H., norm of the transfer matri;HTAE/AUHOo between the Tis low speed shaftN - m).
wind speedv and the shaft torsional deflexion under Tus high speed shaftN - m).
constraint on the upper limit to thH> norm, have permit- J, rotor inertia (kg - m?).
ted to reduce and limit rotor shaft loads while optimizing Ty generator inertigkg - m?).
the capture of the wind energy. _ e shaft torsional deflectiofdeg).
The shaft torsional moment with thié, / H.. controller is ¥ generator azimuth positiofileg).
shown in Fig. 12(b). o hub teeter(deg).

The aerodynamic efficiency, the Shaft Torsional Moment
standard deviation and peak value are given in Fig. 13 for
the open and closed loop.

Open Hs/Hoo
Loop Controller
Aerodynamic efficiency | 51.44 % 92.64 %
Torsional Torque 5 5
Standard Deviation.m] 3.21-10 2.35-10 0
Torsional Torque 2.35.10° | 1.25.10°
peak value N.m] 2]
Fig. 13. Aerodynamic efficiency and Torsional Torque
(3]

We can note a low moment loads in spite of the good
tracking performance with théd,/H., controller. The
Shaft Torsional Moment in Closed Loop peak value is
reduced by80 % compared with the Open Loop while the [5]
aerodynamic efficiency is widely greater than Closed Loop.
This is achieved by the controller synthesis criterion that
is a compromise between the reduction of the turbulenc%]
effect on rotor speed and loads on the rotor shaft.

V. CONCLUSION [7]

This work emphasizes the performance of multiobjective
H,/H control technics for optimal power curve tracking

The authors would
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our theoretical results.
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