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Abstract. Wind turbine control must covered different objectives such as: power,
speed, and load control to achieve a low cost of energy. In this paper, the problem
of designing an output feedback control scheme of variable speed wind energy
conversion system without wind speed measurement is addressed. The control
objective is to track a wind speed profile to operate the wind turbine in maximum
power extraction while reducing mechanical loads. In order to bring some im-
provement a combination of sliding-mode state feedback torque controller with
wind speed estimator are derived. In order to validate the mathematical model and
evaluate the performance of proposed controller in presence of disturbances and
measurement noise, we used Matlab-Simulink. Simulation results show that the
proposed control strategy is effective in terms of tracking speed, power extraction
and load reductions in comparison with existing controllers.

Keywords: Renewable energy, nonlinear control, robust control, sliding mode,
wind turbines, observer.

1 Introduccion

As a result of population expansion and increased global integration, has been a great
growth in energy consumption. This supposes a risk for the depletion of natural re-
sources, this has caused the increase in demand of renewable energy generation systems
[13]. Wind energy is currently one the fastest growing renewable energy technologies in
the world implemented in over 80 countries [17]. The worldwide installed capacity of
wind power for 2011 grew by 20.3%. The WWEA published this year the last updated
version for wind turbines installed worldwide, with a total installed capacity of 237016
MW, enough to cover a 3% of the world’s electricity defendant [17].

Wind turbines present great challenges at scientific level because they are complex
systems, nonlinear and are subjected to parameters uncertainties, unmodeled dynamics
and unknown disturbances. Ongoing research is focused on increasing energy efficiency
and reducing mechanical stress. One solution is the use of advanced control strategies
that enhance the performance of the turbine, this allows better use of resources of the
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Fig. 1. Power curve for the CART.

turbine, increasing the lifetime of mechanical and electrical components, earning higher
returns.

There are two primary types of horizontal-axis wind turbines: fixed speed and vari-
able speed [15]. In this work we choose the variable speed because although the fixed
speed system is easy to build and operate, does not have the ability that the variable
speed system has in energy extraction, up to a 20-30% increase over fixed speed [15].
Wind turbine controller objectives depend on the operation area [16]. Variable speed
wind turbine operation can be divided into three operating regions (Fig. 1):

— Region I: Below cut-in wind speed.
— Region II: Between cut-in wind speed and rated wind speed.
— Region III: Between rated wind speed and cut-out wind speed.

In region I wind turbines do not run, because power available in wind is low compared
to losses in turbine system. Region II is an operational mode where it is desirable that
the turbine capture as much power as possible from the wind, this because wind energy
extraction rates are low and the structural loads are relatively small. Generator torque
provides the control input to vary the rotor speed, while the blade pitch is held constant.
Region III is encountered when the wind speeds are high enough that the turbine must
limit the fraction of the wind power captured such that safe electrical and mechanical
loads are not exceeded. If wind speeds exceed contains the region III, the system will
make a forced stop the machine, protecting it from aerodynamic loads excessively high.
Generally the rated rotor speed and power output are maintained by the blade pitch
control with the generator torque constant at its rated value.

Region I is considered in the present work. Several control strategies have been pro-
posed in the literature, mostly based on linear time-invariant models. This, for several
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reasons. First, linear control theory is a well-developed topic while nonlinear control
theory is less developed and difficult to implement. Second, most wind turbine control
systems, to date, is based on linear control theory, thus the implemented wind turbine
controllers are the based on linearized models [6]. Classical controllers have been ex-
tensively used, particularly PI control [11]. Another method commonly used is PID
controllers. These PID controllers are used in conjunction with gain-scheduled to ac-
commodate to variations in the wind [12]. Linear methods such as LQ, LQG and H
are studied in [5]. Although some of these classical methods have been successfully ap-
plied, they are limited and problematic when extended to consider multiple controlled
variables, such as controlling tower vibration, rotor speed, and blade vibration simulta-
neously (see, e.g., [16,9, 18,4]). Recently, nonlinear control of wind turbines has been
of interest to the scientific community. A first-order sliding-mode controller for power
regulation in Region III is developed in [2], demonstrating the viability and effective-
ness of the control strategy. Beltran et al. [3] extended the control to Region II and III
in conjunction with a Maximum Power Point Tracking algorithm, results show that the
proposed control strategy is effective in terms of power capture and regulation reduction
of the drive train mechanical stresses and output power fluctuations.

In this paper a strategy of sliding mode control for the problem of tracking the op-
timal rotor speed is developed. This control strategy presents attractive features, such
as, robustness to parametric uncertainties of the turbine, robustness with respect to un-
known disturbances and model uncertainties.

The paper is organized as follows. In Section 2 the wind turbine model and problem
formulation is presented. The wind speed estimator is given in Section 3. The robust
control design is provided in Section 4. Performance of the proposed controller is given
in Section 5 through simulations. Section 6 presents some conclusions.

2 Wind Turbine Model and Problem Statement

2.1 Mathematical Model

The aerodynamic power captured by the rotor is given by the nonlinear expression [8]

1
P, = §p7TR2C'p()\,B)v3 (1)
where v is the wind speed, p is the air density, and R is the rotor radius. The efficiency of
the rotor blades is denoted as C',, which depends on the blade pitch angle 3, or the angle
of attack of the rotor blades, and the tip speed ratio A, the ratio of the blade tip linear
speed to the wind speed. The parameters 5 and A affect the efficiency of the system.
The coefficient C,, is specific for each wind turbine. The relationship of tip speed ratio
is given by
Wy
A=R—. 2)
v
The turbine estimated C), — A — (3 surface, derived from simulation is illustrated in

Fig. 2(a). This surface was created with the modeling software WTPerf [7], which uses
blade-element-momentum theory to predict the performance of wind turbines [8]. The
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Fig. 2. (a) Power coefficient curve; (b) Two-mass model.

WTPerf simulation was performed to obtain the operating parameters for the CART
(Controls Advanced Research Turbine). The wind turbine considered in this study is
variable speed one, in which the rotor speed increases and decreases with changing wind
speed, producing electricity with a variable frequency. (Fig. 2(b)). Fig. 2(a) indicates
that there is one specific A at which the turbine is most efficient. From (1) and (2),
one can note that the rotor efficiency is highly nonlinear and makes the entire system
a nonlinear system. The efficiency of power capture is a function of the tip speed ratio
and the blade pitch. The power captured from the wind follows the relationship

P, =T,w, (3)
where
Ty = %pﬂR?’Mvz )

is the aerodynamic torque which depends nonlinearly upon the tip speed ratio. A vari-
able speed wind turbine generally consists of an aeroturbine, a gearbox, and a generator,
as shown in Fig. 2(b). The wind turns the blades generating an aerodynamic torque 7,
which spin a shaft at the speed w,.. The low speed torque 75 acts as a braking torque
on the rotor. The gearbox, which increases the rotor speed by the ratio n, to obtain the
generator speed w, and decreases the high speed torque T},. The generator is driven by
the high speed torque 7}, s and braked by the generator electromagnetic torque 7%, [1].
The mathematical model of the two-mass wind turbine, can be described as follows

Jrwy = Ta(wra/@a U) - Kls(er - 913) - Dls(wr - LUls) — Dywy

. 5

Jgngwg = —Temng + Kis(0, — 015) + Dis(wyr — wis) — Dgngwy
where wy; is the low shaft speed, 6, is the rotor side angular deviation, ;5 is the gearbox
side angular deviation, J,, > 0 is the rotor inertia, J; > 0 is the generator inertia,
D, > 0 is the rotor external damping, D, > 0 is the generator external damping, D;
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Table 1. One-mass model parameters

Notation Numerical value Units

R 21.650 m

p 1.308 kg/m®
Ji 3.920 x 10°  kgm?
D, 400 Nm/rad/s
H 36.600 m

ng 43.165

is the low speed shaft damping, and K, is the low speed shaft stiffness. Assuming an
ideal gearbox with transmission 7,4
wg T
== =_— 6
Mg Wis Ths ( )
If a perfectly rigid low speed shaft is assumed, w, = wys, a single mass model of the
turbine can then be considered, upon using (6) and (5), one gets:

Jyw, = Ta(wrv 57’0) - Dyw, — Tg @)

where J; = J, + n2Jy, Dy = D, + n2Dy, and Ty = nyTe,, are the turbine total
inertia, turbine total external damping, and generator torque in the rotor side, respec-
tively. The parameters of the model are given in Table 1. Those parameters are based on
the CART which is a two-bladed, teetered, active-yaw, upwind, variable speed, variable
pitch, horizontal axis wind turbine which is located at the National Wind Technology
Center in Colorado. The nominal power is 600 kW, the rated wind speed of 13 m/s, a cut
out wind speed of 26 m/s, and it has a maximum power coefficient Cp,q, = 0.3659.
The rated rotor speed is 41.7 rpm. The pitch system can pitch the blades up to 18 deg/s
with pitch accelerations up to 150 deg/s? [19]. The required constraints for torque and
rotor speed are 162 kNm and 58 rpm respectively. The gearbox is connected to an in-
duction generator via the high speed shaft, and the generator is connected to the grid
via power electronics. In this work we will ignore the power electronics control and an
ideal performance will be assumed [18].

2.2 Problem Statement

The main objective in the region II is to maximize the power extracted from the wind.
While energy is captured from the wind, the aerodynamic power should be maximized
below rated wind speed. In (2) the tip speed ratio can be altered to include the optimized
points shown in (8), this leads to a unique maximum point (see (9)) that corresponds to
a maximum power production, that is

wT‘O
Aopt = R U”t, (8)

OP(A()pta ﬂopt) = Cpmax . (9)
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Fig. 3. Proposed control scheme.

To maximize the extracted energy the maximum rotor efficiency must be maintained
during operation. For this 3 is fixed to SBop¢ and wy.op¢: must change depending on the
wind speed variations

Ao
Wropt = RTPt. (10

Then, the objective control is to find a control law T}, to track the optimal rotor speed
wropt While the loads on the turbine are reduced. The controller should take into consid-
eration the nonlinear nature of the wind turbine behavior, the flexibility of drive train,
as well as the turbulent nature of the wind. There are numerous generator torque con-
trollers. In the aim of making a comparison between the proposed and a existing control
law, a brief description of this last one is given below. In [1] the next nonlinear static
state feedback control (NSSFC) is done.

Tg = Ta - thr - th'ropt - Jtaoew. (11)

The control technique presented above shows a main drawback: it is not so robust with
respect to perturbation. The proposed control strategy, therefore, shall overcome this
problem in order to have a better performance.

3 Wind Speed Estimation

An estimator of the wind speed is developed using the wind turbine itself as a measur-
ing device as it is crucial for deriving the optimal rotor speed w;.p:. As is shown in Fig.
3, the estimator is composed of two blocks [1].

1) A first block, that allows to estimate, from the rotor speed measurement w,. and
the generator control torque T, the value of the aerodynamic torque 7Tj,.

2) A second block with, as input, the estimate of the aerodynamic torque T,. The
block output is the effective wind speed estimate 0.
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3.1 Aerodynamic Torque Estimation

In order to construct a robust output feedback controller that recovers the performance
of the state feedback, Super-Twisting Observer (STO) is designed [14], which is able
to reconstruct the state and uncertain functions. These estimated values are used in the
controller instead of the true ones. The controller requires aerodynamic torque which
cannot be easily measured. According to wind turbine dynamics the rotor speed w,- and
aerodynamic torque 7, are related by (7), the unknown term is 7;, and w,. is the mea-
sured variable. It is clear that the relative degree between them is one so the structural
requirement to implement sliding-mode observer, in this case to the relative degree is
one, which allows to reconstruct T,. To estimate 7, by means of the measurement of
the rotor speed w,., the following observer is proposed

1 1
Wp =3 — — (Diwyr +Ty) — k1 |ew,|? sign (ew,) — ke,
T Doy +T,) e, | sign (eu,) — ko .
& = —kssign (e, ) — kaeq,

where e,,, = @, — w, is the measurement error, k; — k4 are adjustable gains, and
T, = Jy is the estimation of the aerodynamic torque. Choosing the parameter of the
observer (12) according to [14] then its state and unknown term converge in finite time
to w, and T}, respectively.

3.2 Wind Speed Computation

The estimate of the wind speed © is related to the one of T, by the following equation:

wrR

~ 1 .
T, — —prR3C,(

5 )02 =0 (13)

where Cy(\) = Cy(\, Bopt) is a tabulated function of \. In order to use a numerical
method for (13) solved with respect to v, this function is interpolated with a polynomial
in A

Cy(N) =D il (14)
=0

The Newton-Raphson algorithm is then used to calculate ¢. This value is exploited to
deduce the optimal rotor speed @yopr = Aopr0/R.

4 Robust Control with Estimator

In this section a combination of sliding mode controller (SMC) with a estimator is
presented (Fig. 3). The proposed controller will track the wind speed in order to achieve
Wropt- A sliding manifold is chosen as follows

€ = djropt — Wr (15)
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Fig. 4. Wind speed profile of v,,, = 7 m/s mean value.

where e, is the rotor speed error. Here the controller is developed to achieve robust
speed tracking. For that purpose we impose a first-order dynamics to e,

€w + cowr =0 (16)
where c¢g > 0 then developing (16) one gets
Ji@ropt + Jico€y + Dywy + Ty — T = 0. (17)
The following controller (18) is designed for (17)
Ty = To — Diwr — Jiropt — Jicoew — Jikssign(ey) (18)

where ks > 0.

5 Simulation Results

The wind speed is described as a slowly varying average wind speed superimposed by
a rapidly varying turbulent wind speed. The model of the wind speed v at the measured
point is

V= Up + Vg (19)
where v,,, is the mean value and v, is the turbulent component. The wind field was
generated following [10]. The turbulence v; is being modeled as a 2nd order, linear
process

p1+ P2 1 k (20)
= — w wy + e

5 —
pip2 Pip2 pP1p2
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where e € N(0, 1) is a noise process with intensity k/(p1p2), p1, p2, k are parameters
depending on the mean wind speed.

This turbine was modeled in Matlab-Simulink. Simulations were performed under
the next operating conditions: in presence of a constant additive control input distur-
bance of 500 Nm, an additive measurement noise on w, with a SNR around 7 dB, and
wind speed profile of v,,, =7 m/s with turbulence intensity of 15%. As seen in Fig. 4,
the strategy gives a good wind speed estimation, this allows to get a better rotor speed
reference.

The results show that with the proposed approach, power increases slightly and
decreases the loads when is compared with the control (11). The rotor speed (Fig. 5)
with the proposed controller tracks a little more closely the optimal rotor speed wypt
leading to more power capture, also the dynamic characteristics improve with slightly
lower mechanical stresses as illustrated in Fig. 6. Figs. 7 and 8 show that the power
extraction obtained with our strategy is better.

6 Conclusions

This paper addresses the problem of power generation control in variable speed wind
turbines. The objectives are: synthesizing a robust controller to maximize the energy
extracted from the wind, while ensuring reduction of mechanical loads. To this end,
a strategy of sliding mode control with an estimate of the wind speed was proposed.
The developed estimator allows the estimation of the aerodynamic torque as well as
the effective wind speed from noisy measurements. The proposed controller provides a
suitable compromise between conversion efficiency and mechanical stresses, also has
a better perturbation rejections in comparison with existing controllers. The control
strategy has been validated with an aeroelastic wind turbine simulator and the results
shown the feasibility of the proposed strategy.
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