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Abstract—This work presents a predictive control approach mean wind speed. The nonlinear behavior of the wind turbine
for power capture optimization of a variable speed wind tur- s thus considered.

bine(WT). A two mass flexible shaft model is used for control After a brief presentation of the used two mass model
design. Predictive constrained control of the WT associatewith f | desi he obiecti f iabl d wind
a Kalman filter is then proposed. The controller is tested wih a O control design, the objectives of a variables speed win

real experimental wind turbine parameters under a realistc wind ~ turbine control for low wind speed is detailed. In sectioh Il
speed profile. The simulation results show a good performamc the control scheme including the Kalman predictor and the

in terms of power capture and shaft load reduction. predictive control bloc is given. Each function of the bledk
explained. The experimental wind turbine characterisimesd
|. INTRODUCTION in simulations are given in section IV. The proposed coigrol

o o _ with predictor is then tested with a realistic wind speedif@o
control design is a key factor in wind turbines performancehe simulation results are analyzed and commented. thepape

enhancement [1], [2] During the last decade and until NOWnds with a conclusion and some perspectivesl
wind turbine control remain an active research area. Many

control strategies have been proposed for this purpose [3]. Il. WIND TURBINE MODEL
Linear controllers have been intensively studied and agph ) o .
industry. From PI-PID [4], [5] to LPV controllers [6] throtg A wind tgrbme is an (_alec.tromechanlcal sy§tem that converts
other well-known linear control strategies like LQ/LQG [7]2 Part of wind speed kinetic power to electrical power. Many
controllers and robust linear controllers [8], they aredanen Models are used in the literature for this system []. These
a one or more linearized models around an operating point@Pdels consists of flexible connection of a multi-mass rigid
across a trajectory [6]. Nonlinear controllers have alsered Podies. A good choice of a model is a compromise between
a lot of interest for wind turbine control [9]. Nonlinear ip  SimPplicity and efficiency.
output feedback linearization are proposed in [10]. Stdin
modes [11] and adaptive controllers [12] have also used. A+ TWo-mass model

In this paper, a new control scheme based on predictiveln these work, a two-mass model is used. The scheme of
control and Kalman flittering is proposed for wind powethe model is given in figure 1. The aerodynamic torque is a
capture enhancement with a variable speed wind turbimanlinear function of the rotor speed, the wind speea and
Predictive control encountered a lot of success in indaistrthe pitch angles
environment [13]—-[15]. Its success is due to its simple aird d 1
rect integration of constraints on control signals and coled To(wr, v, B) = =pmR3C,(\, B)v? (1)
variables [16]. This technique was used in classical linear 2
controllers context for wind turbines control. The propbseThe torque coefficien’, is a nonlinear function of the pitch
works use a linearized model of the WT around an operatiaggle 5 and the tip-speed ratia
point [17], [18]. It is well known that these controllers leav

.. . " th
a limited performances when hard nonlinearities or large A= — (2)
variations of the manipulated variables are encounteréy [1 v
[20]. The main result with these works are presented farherew, is the rotor speedg is the rotor radius ang is the
constants or non realistic wind speed profiles and raretedesair density.
with a real set of parameters of wind turbine. The rotor inertiaJ,.is driven by the aerodynamic torque,

The main idea of the proposed approach is to use a Kalm@nd braked by the low-speed shiijt
filter to estimate the wind turbine aerodynamic torque. This 1 K. 1
one is then considered as a measurable disturbance leading t wr = TT“ — 7’60,5 — TTls 3)
a linear multivariable model of the WT. Considering this, it " " "
is not necessary to linearize the wind turbine around a give8imilarly, the generator inertid, is submitted to the high-
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Fig. 2. Wind turbine power curve

B. control objectives

The wind turbine is operational if the wind speed is situated
in the interval [vy,in, Umaz)- It is divided in three areas [3]
(Figure 2). In zone 1, the control objective is to optimize th
wind power capture. For this, the tip speed raliand the

A state space representation of the two-mass system is gipdéteh angles should be fixed to their optimal values

by [10]
Wy aip ai2 a13 wt
Wy = G21 Q22 A23 Wy
T | as1 a3z ass Tis
b1y b12
+ bor | Ta(wr,v,8) + | bao | Tem
b31 b2
(5)
where
K, _ 1
an =—75= 5 a12=0 ;a3 = —g-
1
az =0 ;a2 =—Jt 5 a3 = oo

'rL?ngJT
and
1 .
b=
b1 =0 ;
Ki. .
bsy = =

b2 =0

byy = — L
22 Ty
b2 = 3.5

A= )\opt (6)
ﬂ = ﬂopt (7)

In order to fix the tip speed ration to its optimal value, thero
speedw; should track the optimal rotor speed, , given by

= Jrt, ®

wtopt R
the optimal rotor speed is proportional to the wind speed.

IIl. PREDICTIVE CONTROL USING KALMAN FILTER
A. Kalman Aerodynamic Torque predictor

Assuming that dynamic of the aerodynamic torque is driven
by a white noiset _
Ta = g (9)

an augmented state-space representation of the two-mass
model is then obtained [21]. Using the augmented state-

space model, a Kalman filter is designed to estimate the state
variables from a noisy generator torque measurement

B. Predictive control of the WT

Considering a discrete-time input-output representatibn
the two-mass model, with control input(k) = T, (k),
measurable input disturband@g, (k) and outputy(k) = w,.
In order to track a optimal rotor speed referenge,.;, at
instantk, a sequencé/(k) of control input is calculated in
order to optimize a cost functiofi(Uy,).

This representation is nonlinear since the aerodynamic

torque is a nonlinear function of the rotor speed the wind Ui = [ Tem(klk)  Tem(k +1]k)
speedv and the pitch angle3. In order to deal with the
wind turbine model as a linear system, the aerodynamic tor
as measurable input disturbance including it as a statees

variable. It is then estimated using a Kalman filter.

L2

pa

Tem(k +p - 1|k) ]

wherep is the prediction horizon. The cost function is given

J(Uk) = Jy(Uy) + Ju(Uk) + Jau(Ur) + J-(Ux)  (10)
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Fig. 3. Predictive controller with Kalman filter scheme

TABLE | N
CART WIND TURBINE CHARACTERISTICS

. . . . .
0 100 200 300 400 500 600
temps (s)

Rotor diameter 433 m
Gear ratio 43.165 Fig. 4. Wind speed profile
Tower height 36.6 m
Nominal power 650 kW
Nominal rotor torque|| 162 kN.m 60
— Wt
50
Each term take into consideration a specific objective. F 2
. 24
reference tracking =40
(9]
o ;,130
. . 2 =
Ty(Ui) =Y wi [wrres (k + ilk) = w,(k + ilk)] g
= 24
. =1 _ 20
For control Input move suppression
p—l 10 300 400 500 600

9 0 100 200 .
Tau(Us) =Y w [Tem (k + ilk) — Tom (k +i — 1]k)] Time (s)

=1
and for constraints violation

Je(Ur) = pei 8

The constraints are made upon the input limits. Once calc
lated, only the first component &f;, is applied to the system.
The procedure is repeated for each sampling time.

The global controller scheme is given in figure 3

It consists of two blocks : The predictive controller and th
Kalman aerodynamic torque estimator.

Fig. 5. Wind turbine rotor speed

Generator torque (kN.m)

IV. SIMULATION RESULTS
The simulations are made using Matlab 2009b wit

Simulink programming environnement. The wind turbine pz 0 100 200 0 500 600
rameters corresponds to the CART 600 kW experimental wind
turbine []. The parameters signification and values arergive Fig. 6. Wind turbine rotor speed

in Table I. The predictive controller with Kalman estimatsr

tested with a realistic wind speed profile with a mean wind

speed of 7n.s~! and a turbulence intensity of 25 %. The windilter covariance factors ar€)y = 2.10°, Ry = 0.1 and

speed profile is represented in figure 4. It is obtained usidgy = 1.10~°. The rotor speed, is shown in figure 5 with the

SNwind simulator developed by NREL [22]. optimal reference. One can observe that the rotor speek trac
The predictive controller is designed using Model Predécti a tendency of the rotor speed reference without tracking the

Control Toolbox. The discrete time model of the wind turbinbigh speed variations due to the important turbulence. Bhis

is obtained with a sampling peridt, = 0.1s. The prediction achieved by an appropriate choice of the tuning parameters

horizon for output and control are respectivélyand2. The of the predictive controller and also b filtering the control

tuning parameters ar@0449 for input rate factor445.1082 signal 7., with a first order low-pass filter with a constant

for output factor an@®.0660e + 005 for the ECR. The Kalman time of 2s. The control signal is represented in figure 6. The
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El

generator torque has a similar shape to the rotor spgeitlis  [10]
smooth signal with a maximum under the upper limit thanks
to the predictive controller constraints. Figure 7 repnse [11]
the electrical power. It has also a smooth shape leading to a
well integration of the wind turbine to the grid.

12
V. CONCLUSION [12]

A predictive controller associated with a Kalman filter for
aerodynamic torque estimation is proposed. The use of the
estimator allows to deal with the wind turbine as a linear
model with the aerodynamic torque as a measurable in%h
disturbance. The predictive controller is designed takirtg
consideration control variation and tracking error mirdesi
tion. The test of the controller with a realistic wind spee&®!
profile using an experimental wind turbine parameters gives
a satisfactory results. In perspective, the controlleughde [16]

validated using a more complete wind turbine simulator. [
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