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Abstract: Aerodynamic forces acting on wind turbines are turbulent in nature as the wind speed varies 
stochastically and aero elastic coupling generates disturbances. Since it is impractical to predict system 
inputs from wind speed measurement, one should estimate them to achieve robust control design. 
Considerable research activity dealing with observer based controllers has been reported in the 
literature. In this work, an advanced technique based on the extended Kalman filter is proposed. This 
exponential filter is considered within the framework of Indirect Speed Control and Aerodynamic 
Torque Feed forward control.  Simulations have shown that the proposed wind speed observer tracks 
accurately the mean tendency of real wind speed while discarding high frequency components.  
Excellent performance was obtained in terms of the extracted electric energy without demanding 
excessive generator torque values. The obtained results have shown also that fatigue loads are well 
decreased in comparison with Kalman filter based methods. 
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INTRODUCTION 

 
 Control of wind turbines is currently the issue of intensive research activity as this form of energy is clean 
and becomes to be economically competitive. The pursued objective is to optimize power efficiency and quality 
and to enhance operating conditions. Refined controllers have been continuously developed to set up high 
performance control of these machines (Abdin, 2000; Burton et al., 2001; Bemporad et al., 2002; Bianchi et al., 
2006; Boukhezzar and Siguerdidjane, 2006; Martinez, 2007). At the beginning, classical techniques based on PI 
or PID controllers have been used. Later on, in order to improve power extraction performance, these controllers 
have been modified in different ways such as by introducing non linear gains to penalize large peaks appearing 
in control variables.  More sophisticated controllers have been designed recently for wind turbine systems. These 
include LQG, H-infinity, fuzzy logic controllers and neural network methods (Burton et al., 2001). Optimal or 
robust adaptive nonlinear controls had also been considered (Abdin, 2000). Model predictive control which has 
become a large accepted standard for complex constrained multivariable control problems had been implemented 
on its turn in wind turbines (Bemporad et al., 2002; Martinez, 2007). A compete review of more recent research 
dealing with control of wind turbines can be found in (Munteanu et al., 2005; Bianchi et al., 2006; Boukhezzar 
and Siguerdidjane, 2006). 
 Aerodynamic forces acting on wind turbines are turbulent in nature due to the development of complex 
turbulence patterns as wind flows through the rotor plane. Wind speed is known to vary stochastically and aero 
elastic coupling occurs in real wind turbine system causing generation of disturbances (Larsen, 2004; Khamlichi 
et al., 2009). As a result, it is impossible to predict the captured aerodynamic torque from single point wind 
speed measurement. Therefore, one should estimate it for control purposes. Considerable investigation that 
considers this aspect of observer based controller design has been reported in the literature. Among the recent 
published work, one finds a robust nonlinear approach for variable wind turbine speed control that does not need 
wind speed measurement (Boukhezzar and Siguerdidjane, 2006). Nonlinear static state feedback controller and 
nonlinear dynamic state feedback controller were derived by using Kalman filter to estimate the captured 
aerodynamic torque and to deduce wind speed from it.  
 In this work, a new technique of wind speed estimation using the extended Kalman filter is proposed (Reif 
et al., 1999). This filter structure is an observer that has been considered successfully for nonlinear systems. It 
has been shown to yield good performance and to achieve exponential stability. This filter is considered within 
the framework of Indirect Speed control (ISC) (Leithead and Connor, 2000) and Aerodynamic Torque Feed 
forward control (ATF) (Pena et al., 1996).  Simulations that have been performed on the various controllers have 
shown that the proposed wind speed observer tracks accurately the mean tendency of the real wind speed profile. 
An excellent performance was obtained with the new controllers in terms of the extracted power efficiency. This 
was achieved without demanding excessive generator torque values or inducing high mechanical loads that can 
accelerate fatigue of wind turbine components. 
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Modelling Wind Turbine Power Extraction: 
 Dynamics of the wind turbine rotor can be described by a one degree-of-freedom rigid body model as 
 

d a gJ K T T              (1) 

 

where is the rotor speed,  J  the equivalent power train inertia, dK  the equivalent damping coefficient , gT  

the applied generator torque and aT  the aerodynamic torque. 

 Denoting pC ( , )   the wind turbine power coefficient which is function of the pitch angle    and the tip-

speed ratio , the aerodynamic torque acting on the low-speed shaft writes 
 

p3 2
a

C ( , )1
T R v

2

 
 


         (2) 

 
where    is the air density, R  the rotor radius, v  the effective wind speed and the tip-speed ratio is defined as 

R / v   .  
 Because of the speed multiplication resulting from the gear box, the high-speed shaft rotates with the rate  

g n   , where n is the multiplication factor. 

 Surface defining pC ( , )    in terms of    and   depends on the geometric configuration of the wind 

turbine and the aerofoils composing its blades.  A common analytical approximate expression for the power 

coefficient pC ( , )   is found in the literature [44], it takes the analytic interpolated form 

 

1 1 4 4
p 2 33 3

C 0.003C C 0.003C
C ( , ) C C exp

0.02 2 0.02 2

   
                     

   (3) 

 

where coefficients 1C , 2C , 3C  and 4C  are identified from the effective curves of pC ( , )  by using a least 

mean square technique. 

 A typical pC ( , )   is depicted in figure 1 for which 1C 110.23 , 2C 0.30908  , 3C 9.636   

and 4C 18.4  . This surface admits a maximum denoted p,optC  which is obtained for opt    

and opt   . 

 Energy extraction from the kinetic energy of wind is maximal for p,optC  as it can be easily verified from the 

extracted power expression: 2 3
a a pP T (1/ 2) R v C ( , )      . 

 It is useful to define the control strategy by indicating desired variations of wind turbine velocity and torque 

through a curve represented on the a(T , )  plane. Among the common strategies used in practice one finds that 

one depicted in figure 2. 
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Fig. 1: Power coefficient as function of pitch angle and tip speed ratio 
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Fig.  2:  Strategy of control illustrated in the  aT ,   plane 

 
 Region 1 denotes the starting zone, which corresponds to the lower wind speed where operating the wind 
turbine becomes beneficial. It servers to reach at constant rotor speed the operating point located on the 

maximum efficiency curve and having the velocity min . Region 2 corresponds to tracking the maximum 

efficiency curve where the objective is to adjust the rotor speed to wind speed such that the captured 

aerodynamic torque is always optimal, the pitch angle is kept then constant at its optimal value opt . In order to 

extract maximum power from wind, the rotor speed must be adjusted continuously to track the optimal value 

opt opt v / R    for any given effective wind speed value v . Region 3 is a transition zone between the below 

rated power region (region 2) and the nominal power rate region (region 4). This is performed by maintaining 

rotor speed at the constant value nom . Limiting the wind turbine speed is so performed in order to reduce 

mechanical loads acting on the wind turbine structure. Finally, region 4 corresponds to the maximum load zone 
(rated nominal power region). In this region the pitch angle is permanently adjusted according to the actual value 
of wind speed in order to reduce the captured aerodynamic torque allowing then for continuous nominal power 
generation.  

 In the a(T , ) plane, the captured aerodynamic torque will depend, for a given wind speed, on the rotor 

speed and on the actual pitch angle  . The red curves in figure 2 are obtained for different wind speeds in the 

below rated power zone where opt   . The Blue curve is the optimal power curve obtained by letting opt    

and opt    . The black curve is the nominal power curve which is defined by  the equation nom aP T  , 

where nomp  is the generator nominal power.  

 Using the optimal tip speed ratio opt   , rotor speeds min  and nom  define the wind speed interval 

 min maxv , v  where control strategy related to zone 2 is active. 

 
Presentation Of Wind Turbine Controllers: 
 In order to track wind speed, it is required that reliable measure of the effective wind speed should be 
available. But, this is impossible in practice since the effective wind speed, v , is not the speed of incident wind 
that could be measured upwind at large of the rotor plane, even if it depends strongly on it. The effective wind 
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speed is in fact a rather averaged value that could be identified by solution of the nonlinear equation giving the 

aerodynamic torque aT  as function of v  if the torque is known for example by means of torquemeter 

measurement. Therefore, it is well attractive designing controls that do not require wind speed measurement. 
This is performed in this work through using the extended Kalman filter. 
 The control problem that can be stated to track optimal power extraction in the below-rated power zone 

takes the form of single-input single-output system.  It consists in synthesising the generator torque gT  in order 

to adjust, for any given effective wind speed v , the rotor speed   to the optimal value opt optv / R   . The 

option of choosing gT  as the control variable is justified by the fact that this last is quite easy to create through 

swift and effective electric machine controllers using either vector control (Pena et al., 1996) or direct torque 
control (Arnalte et al., 2002). 
 To test performance of the new introduced controllers, the well-known reference controllers ISC (Leithead 
and Connor, 2000; Wright, 2003) and ATF are considered (Pena et al., 1996; Johnson, 2004).  
A common practice in power control is that the generator torque demand is set proportional to the square of the 
measured generator speed; this defines the so-called Indirect Speed Control (Leithead and Connor, 2000). The 

generator torque is synthesised by 2
g opt dT k K    . The value of the coefficient of proportionality optk  is 

often determined from performance code simulations (Wright, 2003). It can be identified experimentally by 
performing tests where the wind turbine should be operated at constant rotational speeds over a range of wind 
speeds. Tracking the rotor speed along the optimal trajectory would yield maximum power coefficient values for 
all wind speeds, but this occurs with some delay if the effective wind speed is rapidly varying. It is important to 

notice that parameter optk  which depends on both   and p,optC  may differ from the actual real value of wind 

turbine. Parameter dK  may also fluctuate. As a consequence, suboptimal extraction of wind power could result 

from these variations. 
 Another classic control technique called Aerodynamic Torque Feed forward (ATF) was proposed (Pena et 
al., 1996). It consists of estimating the aerodynamic torque and the rotor speed by using Kalman filter. The 

controller is given by g c ref a d
ˆˆ ˆT k ( ) T K        with ref a optT̂ / k   and 

5 3
opt p,opt optk R C /(2 )   .  

 It should be noticed that variations of optk  would result in a stationary error (Johnson, 2004). An additional 

incertitude source is linked to the difference existing between ref  and opt  which may yield significant power 

lost.  
 AFT and ISC are far from to be optimal and lack robustness (Boukhezzar and Siguerdidjane, 2006). To 
overcome these deficiencies, feed back nonlinear controllers using Kalman filter based wind speed observer 
were presented. This was performed in two steps: estimation of the aerodynamic torque and deduction of the 
wind speed from it by solving the nonlinear equation (2) where a Newton-Raphson like iterative scheme is used. 
Based on this technique of observing wind speed, a Nonlinear   Static   State   Feedback   control   with 
Estimator (NSSFE) and a Nonlinear   Dynamic    State   Feedback   control with Estimator (NDSFE) were 
derived (Boukhezzar and Siguerdidjane, 2006). These controllers were shown to be robust in comparison with 
the classic (ISC) and (AFT). However, the major difficulty resulting from estimating wind speed by using the 
aerodynamic torque value is linked to the necessity of inversing at each time a nonlinear equation. This is 
numerically costly. On the other hand Kalman filter requires a local linearization of system equations. 
Considering multiple linearizations performed over the whole below-rated regime results in a conservative 
condition of stability which limits control performance. As a principal contribution in this work, a direct 
estimation of wind velocity by means of the nonlinear extended Kalman filter is proposed without using 
aerodynamic torque estimation. The idea consists in using a time dependant Riccati like equation to construct a 
robust continuous observer of the effective wind speed which is capable of rejecting system perturbations and 

disturbances acting on the generator torque gT  (Reif et al., 1999; Gelb, 1984).  

 Assuming that the dynamic of wind speed v  is driven by a Gaussian white noise such that v    and that 

he noise affecting measurement of the rotor speed   is  , denoting the state vector  t
x v  , the 

observable variable y      and the input variable gu T , the state system equations write 
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         (5) 

 
 For a dynamic system governed by equations (4) and (5) the following exponential observer which is based 
on extended Kalman filter can be constructed (Kou et al., 1975) 
 

 ˆ ˆ ˆx f (x, u) K(t) y Cx            (6) 

 

with t 1K(t) P(t)C S  and  t 1 2 2P(t) A(t)P(t) P(t)A (t) P(t) C(t)S C I P(t) I      where I is 

the identity matrix having dimensions of x , S  the symmetric definite positive matrix defining noise 

correlations and having also dimensions of  x , 0  , 0   are the weights and 

 

 
d a aK T T1 1

f
ˆA(t) (x, u) J J J v

x
0 0

         
 

      (7) 

 
Based on the extended Kalman filter (EKF) two kinds of robust controllers are considered. The first one is a 
combination between (ISC) and (EKF) where the wind speed as well as the rotor speed are observed. The second 
one derives from a combination between (ATF) and (EKF). 
 To find weighting constants   and  , the following bisection algorithm is proposed:  

- step 1: first guess of  0  , 0   and S sI  with s 0 ;  

- step 2: decreasing s  by replacing it by s / 2  until matrix P  is positive definite;  

- step 3: if it is impossible to find a positive definite P , then 0   is decreased to its half and S sI  is 

reinitialized and steps 1 and 2 are repeated; the iterations are stopped if 0  is lesser than a given critical 

value.  
 In the present case 0.9  , 0.087   and s 0.06  were found to be the best weights. System of 

equations (1-7) is solved numerically by using Matlab command ode45.  

 Instantaneous power efficiency ratio p  is defined as the power extracted at time t divided by the maximum 

power that could be extracted at that time. Since in the below-rated power zone the pitch is fixed at a constant 

value, this coefficient is simply given by p p p,optC / C  . Because it is not easy to appreciate easily 

differences between the various models when representing p  as function of time, the error tracking parameter 

p p1    is introduced. This parameter is then averaged on the considered time interval. Maximum 

efficiency is obtained when it is possible to track exactly the optimal curve, in this case p 0  . But, this is 

only theoretical and in practical systems, power tracking error will decrease if the control operated on the wind 
turbine is highly efficient. 
 To characterize performance of the various controllers, an efficiency ratio is defined over the period of time 

[ ]ini fint , t  as the actual electric energy produced divided by the ideal optimal energy that could be extracted 

from the kinetic energy contained in the incident wind. This efficiency ratio writes 
 

fin fin

ini ini

fin fin

ini ini

t t

extracted g gt t

t t

optimal a,opt optt t

p dt T dt

p dt T dt


  



 
 

        (8) 
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where extracted g gp T   is the real electric power extracted at time t  and optimal a,opt optp T   is the theoretical 

optimal power that could be extracted.  
  

RESULTS AND DISCUSSIONS 
 
 To examine performance of the introduced controllers, an experimental wind turbine called CART (Fingersh 
and Johnson, 2002) is considered. This two-bladed wind turbine has largely been studied in the literature related 
to control purposes. The low-speed shaft is coupled by means of a gear box to the high-speed shaft. This last 
constitutes the rotor of the induction electric generator. Mean characteristics of CART wind turbine are: 
R 21.38m , n 43.165 , hub height H 36.6 m . The nominal generator power is chosen here to be 

np 800kW . 

A stochastic wind speed, v(t) , is generated during the time interval  0,300 s by using the Shinozuka formula 

(Shinozuka, 1972). The wind speed profile represented in figure 3 has the following characteristics: mean speed 

value 112 m.s , turbulence length L 10m= , standard deviation 0.5s= , 10.1rd.s   and number of 

harmonics N 5 . The wind speed profile was selected like this in order to have clear figures that could be used 
to discuss results. 
 Reference controllers ISC, ATF, and Kalman filter based robust controllers NSSFE and NDSFE are 
considered in this comparative study. Their performances are evaluated through simulations performed under 
Matlab environment where use was made in particular of Kalman and ode45 commands. Newton-Raphson 
iterations were also implemented when necessary. The obtained results are compared to the new proposed 
extended Kalman filter based robust controllers ISC_EKF and ATF_EKF when taking the same conditions of 
functioning regarding wind speed, disturbances and measurement noise. Three kinds of results will be 
particularly focused on: the generator torque which is related to the energetic cost of control, the energetic 
efficiency of control defined in terms of ratio  , and the torque acting on the low-speed shaft which is related to 

fatigue loads.  
 Figure 4 gives a comparison between the real wind speed and wind speeds estimated by the various 
controllers. Figure 5 gives a comparison between rotor speeds as obtained by the various controllers.  Figure 6 
gives the generator torque to be synthesized for controlling rotor speed with respect to the various controllers. 
Figure 7 gives the aerodynamic torque estimated by the various controllers and figure 8 gives the mechanical 
torque in the low-speed shaft associated to the various controllers.  
 Figure 4 shows that all the controllers track the instantaneous wind speed. Results for ISC, ATF, NSSFE 
and NDSFE are close to the real wind speed with some visible delay, while ISC_EKF and ATF_EKF filter more 
the high frequency components.  
 Figure 5 shows that ISC, ATF, NSSFE and NDSFE behave almost in the same manner as their curves are 
close one to each other, while rotor speeds associated to ISC_EKF and ATF_EKF are well off the previous ones 
and their values are below of them.   
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Fig. 3: Instantaneous wind speed profile 
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Fig. 4: Wind speed; comparison between real and estimated values 
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Fig. 5: Rotor speed; comparison between estimated values 
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Fig. 6: Generator torque; comparison between estimated values 
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Fig. 7: Aerodynamic torque; comparison between estimated values 
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Fig. 8: Low-speed shaft torque; comparison between estimated values 
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 Figure 6 shows that generator torque fluctuations are important for ATF, NSSFE and NDSFE controllers. 
These variations are more reduced in case of ISC, ISC_EKF and ATF_EKF controllers.  
 Figure 7 shows that aerodynamic torque fluctuations are important for ISC, ATF, NSSFE and NDSFE 
controllers. These variations are more reduced in case of ISC_EKF and ATF_EKF controllers. The same 
observations can be formulated about the low-speed shaft results, figure 8. 
 Table 1 summarizes the obtained results in terms of generator torque magnitudes: the maximum, minimum 

and mean torque values over the time interval  0,300 s . It gives also the tracking power error and the extracted 

power efficiency associated to a given control method. Generator torque results could be classified into two 
categories: high fluctuated torque (ATF, NSSFE, NDSFE) and low fluctuated torque (ISC, ISC_EKF, 
ATF_EKF). Tables 2 and 3 give the obtained results in terms of respectively the estimated aerodynamic torque 
and the mechanical torque in the low-speed shaft. Maximum value, minimum value and mean value over the 

time interval 0,300 s  are presented. Here also two classes are distinguishable:  high fluctuated torque (ATF, 

ISC, NSSFE, NDSFE) and low fluctuated torque (ISC_EKF, ATF_EKF). 
 
Table 1: Generator torque variations, tracking error and the extracted power efficiency for the various controls 
 Max ( gT ) 

(
410 N.m ) 

Mean ( gT ) 

(
410 N.m ) 

Min ( gT ) 

(
410 N.m ) 

( gT ) 

(
410 N.m ) 

Error p   

( %) 
h  (%) 

ATF 15.55 13.84 12.21 3.34 14.12 82.41 
ISC 15.02 13.84 12.75 2.27 14.90 82.33 
NSSFE 15.47 13.84 12.23 3.24 14.70 79.70 
NDSFE 18.27 13.84 12.13 6.14 14.70 79.81 
ATF_EKF 15.02 14.61 14.21 0.81 19.29 82.19 
ISC_EKF 15.44 14.24 13.11 2.33 2.24 83.08 
 
Table 2: Mechanical torque in the low speed shaft for the various controls 

 
Max ( lsT̂ ) 

(
510 N.m ) 

Mean ( lsT̂ ) 

(
510 N.m ) 

Min ( lsT̂ ) 

(
510 N.m ) 

Variation 

(
410 N.m )  

ATF 1.854 1.974 1.502 1.794 
ISC 1.815 1.675 1.542 1.404 
NSSFE 1.841 1.674 1.510 1.667 
NDSFE 2.076 1.674 1.502 4.020 
ATF_EKF 1.792 1.740 1.685 0.521 
ISC_EKF 1.794 1.709 1.627 0.845 
 
Table 3: Aerodynamic torque for the various controls 

 
Max ( aT̂ ) 

(
510 N.m ) 

Mean ( aT̂ ) 

(
510 N.m ) 

Min ( aT̂ ) 

(
510 N.m ) 

Variation 

(
410 N.m )  

ATF 1.854 1.674 1.502 1.794 
ISC 1.851 1.675 1.505 1.763 
NSSFE 1.814 1.674 1.540 1.395 
NDSFE 1.814 1.674 1.540 1.395 
ATF_EKF 1.792 1.740 1.685 0.521 
ISC_EKF 1.778 1.710 1.643 0.683 

 
 The obtained results show that NSSFE and NDSFE controllers are not performant since generator torque 
and low-speed shaft overloads are maximum while power efficiency is minimum. Although some performances 
of the controllers ISC and ATF are good in comparison with the previous controllers, they must be discarded as 
they are in real operating conditions sensitive and non robust controllers. Now comparing between them the 
robust controllers family show that the proposed extended Kalman filter based method perform better than 
NSSFE and NDSFE. Comparing finally the new proposed controllers between them shows that the ISC_EKF is 
better than ATF_EKF in terms of power efficiency, the tracking error, while ATF_EKF is better than ISC_EKF 
in terms of generator torque fluctuations and mechanical loads variations, fatigue loads. To decide which one 
from these two controllers is the best, further comparison including costs must be performed.  
 
Conclusions: 
 Using a one-degree-of freedom mechanical model for wind turbine in the below-rated power zone, various 
controllers have been presented in this work and their performances analyzed. There are basic reference 
controllers which are largely used in practice, and which are known to be sensitive and non robust. There are 
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more recent robust controllers that are based on Kalman filter and which operate without any wind speed 
measurement, since this last is deduced form the aerodynamic torque estimate.  There are finally, new advanced 
controllers that have been introduced for the first time in this work and which combine judiciously classic 
controllers and the extended Kalman filter in order to build direct wind speed observers. In comparison with 
Kalman based controllers, one of the advantages of these last nonlinear controllers is that they do not require 
linearization of the system equations of state. 
 The obtained results have shown that the new controllers perform better than all the others. While 
robustifying the indirect speed control and the aerodynamic torque feed forward control, they limit to a large 
extent generator torque fluctuations and fatigue loads as compared to Kalman filter based methods. They enable 
also maximising the extracted electric power energy. 
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