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Abstract – Most variable speed wind turbines have pitch control mechanisms and one of their 

objectives is to protect turbines when the wind speed is too high. By adjusting pitch angles of wind 

turbine, the inlet power and the torque developed by the turbine are regulated. In this paper, the 

difference between the real wind speed and its rated value is regarded as a disturbance, and a 

component called disturbance observer (DOB) is added to the pre-designed control loop. The 

additional DOB based controller estimates the disturbance and generates a compensating signal to 

suppress the effect of disturbance on the system. As a result, the stability and the performance of the 

closed loop system guaranteed by an outer-loop controller (designed for a nominal system without 

taking into account of disturbances) are approximately recovered in the steady state. Simulation results 

are presented to verify the performance of the proposed control scheme.   
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1. Introduction 
 

Because of concern about environmental pollution, the 

interest in renewable energy for generating electricity 

rapidly grows. Especially, the wind energy is the most 

competitive renewable energy because it is clean and 

economical. There are several ways to transform the wind 

energy into the electrical energy. Among them, the 

horizontal-axis wind turbine is mostly used and for decades, 

majority of wind turbines were operated at a fixed speed. 

Recently, researches on variable speed wind turbines have 

been increased in a considerable amount [1-4]. 

Compared to fixed speed wind turbines, variable speed 

wind turbines have advantages as follows: 

(1) The efficiency of the generating power can be 

increased below the rated wind speed when an 

appropriate control strategy is applied.  

(2) The aerodynamic power induced by wind turbulence 

can be stored in the inertia of the wind turbine. Thus, 

the drive train mechanical fatigue and the power 

fluctuation can be reduced. 

In order to control the output power of variable speed 

wind turbines, many papers have been focused on the 

generator torque control. Recent papers employed gain 

scheduling [5], high order sliding mode control schemes 

[6], disturbance observer [7], etc. The control objective of 

these papers is to maximize the power when the wind 

speed is low and to limit the power when the wind speed is 

above the rated value.      

However, as wind turbines become larger, the control 

strategy which solely relies on the generator torque became 

inefficient because the aerodynamic power produced by the 

turbine, which is proportional to the square of turbine’s 

size, has been increased dramatically. Moreover, due to the 

nature of wind, which varies violently, it sometimes 

exceeds the rated value. Thus, most of the large scale wind 

turbines recently developed are equipped with variable 

pitch mechanism to adjust or regulate the inlet power from 

the wind and several pitch control methods are introduced, 

for example, PID [1],  [8]. But these controllers show 

limited performance against the wind speed fluctuation.  

This paper introduces a pitch control scheme for variable 

speed wind turbines with a disturbance observer (DOB) 

based inner-loop structure. It is noted that DOB approach 

has been widely applied in industry, including optical disk 

drive systems, robot arm control, and etc [9]. It is because 

of its simple structure as well as the powerful ability for 

compensating plant uncertainties and rejecting disturbances. 

Another advantage of DOB is that it is an inner-loop 

controller, and works in harmony with the pre-designed 

(outer-loop) controller which is designed without taking 

into account disturbances and uncertainties. 

To achieve the goal, we focus on the situation when the 

wind speed is greater than its rated value. The difference 

between the real wind speed and its rated value is regarded 

as a disturbance, and a DOB based inner-loop controller is 

designed so that the disturbance is estimated and attenuated. 

As a result, it recovers the performance of the pre-designed 

controller, which has been designed assuming that the wind 

speed is at its rated value.  

The proposed idea is applied to a wind turbine system 

and simulation results show that the power fluctuation has 

been reduced considerably and the generating power 
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remains almost constant in the steady state.    

This paper is organized as follows. Section 2 

summarizes the dynamic model of the wind turbine, the 

maximum power point tracking (MPPT) control strategy, 

the power controller, and the DOB approach. In Section 3, 

a DOB based pitch controller is presented. Simulation 

results are provided to verify the performance of the 

proposed scheme in Section 4. Finally, Section 5 concludes 

the paper. 

 

 

2. System Models and Control Objectives 

 

In this section, we describe mathematical models of the 

system (see Fig. 1) and control strategies used in the paper. 

In addition, we briefly review the DOB structure. 

 

 

Fig. 1. System configuration. 

 

2.1 Wind turbine model 

 

The aerodynamic power absorbed by the turbine is given 

by the following relation. 

 

            (1) 

 

where  is the air density,  is the wind turbine rotor 

radius,  is the power coefficient,  is the wind 

speed,  is the pitch angle, and  is the tip speed ratio 

defined by 

 

                  (2) 

 

where  denotes the turbine rotor speed. 

The power coefficient  used in this paper is 

given by  
 

     (3) 

 

where , , , , , , and  are nonnegative 

constants determined by blade shape [11]. 

We use one mass drive train model described by 

 

                (4) 

 
where  is the electrical rotor speed,  is the gear 

ratio,  is the moment of inertia,  is the aerodynamic 

torque developed by the turbine, and  is the generator 

reaction torque. The aerodynamic torque  is determined 

by 

 

          (5) 

 

where  is the torque coefficient. The 

electrical rotor speed  will be used throughout this paper 

instead of the turbine rotor speed .  

It is assumed that the pitch actuator has the first order 

dynamics given by  

 

               (6) 

 

where  is a positive constant,  is the pitch angle 

command. 

For the generator, we consider the steady-state model 

since the dynamics of the generator is much faster than 

those of other parts. The V/f PWM converter is assumed to 

have a first order transfer function. For more detailed 

models, the readers are referred to [1, 2].  

 

2.2 Wind turbine control strategy [1-4] 

 

Fig. 2 shows the power versus rotor speed relationship 

for wind turbines when the pitch angle  is fixed at . 

The curves  represent the aerodynamic power when 

the wind speed is , and  stands for the reference of 

the generator output power.  and  are rated values 

of the rotor speed and the generator power, respectively. 

 

 

Fig. 2. Aerodynamic power versus rotor speed. 

 

When , the objective of control strategy is to 

track the maximum power points such as , , and . 
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Note that the trajectory  is a function, which is 

proportional to the cube of , i.e.,  where 

 is a positive constant. On the other hand, when 

, we choose to track the curve  so that the 

power is limited to . This means that the generator 

output power is limited to its rated value. Note that this 

strategy is just one of many strategies introduced in the 

literature [3].   

Note that in the above rated wind speed region, any 

operating point along  is locally unstable, while it is 

stable below the rated wind speed. It means that the 

variation of the wind speed may lead to instability of the 

system because of the characteristic of the aerodynamic 

power. See [3] for detailed arguments on stability. This can 

be avoided by using pitch control. If the pitch angle is 

adjusted properly so that  is limited to the rated 

generator power , then the torque and the rotor speed 

fluctuation can be reduced.  

One way to achieve this is to control the pitch angle so 

that  is fixed at , because if this has been achieved, 

and if the generator power is maintained at 

, then the equilibrium we obtain is the 

point with  due to the relations (4) and (5). In 

summary, in the region , we will design a pitch 

controller to make .  

 

2.3 Power control method [1] 

 

The objective of the power control is to make the electric 

output power  tracks the reference  by controlling 

the slip frequency of the induction generator. This is done 

by a PI controller given by 

 

     (7) 

 

where  is the reference for slip frequency and  is the 

reference to the V/f PWM converter. Note that the 

reference  is determined by the rotor speed  and only 

the power controller is active in the region , while 

it works together with the pitch controller to regulate  to 

 in the region .  

 

2.4 Review of disturbance observer 

 

In this section, we briefly review the DOB scheme 

shown in Fig. 3. To simplify the problem, consider a first 

order system whose transfer function is given by 

 

  

 

where  and  are unknown but bounded constants. 

 denotes the nominal transfer function of . 

Assume that a controller  has been designed for the 

nominal plant  and it is guaranteed that the closed-

loop system (  and ) is stable and can track a 

reference input  with a good performance, provided that 

there is no disturbance .  

If  and it were completely known, then 

we can see from Fig. 3 that the input  is given by 

. Of course, this is not realistic because, in 

general,  is not proper. One solution to this problem is 

to introduce a low pass filter given by 

 

  

 

so that the signal  is approximately the 

same as , especially in the low frequency range. Now, 

we also introduce a low pass filter  to obtain 

. Note that if , then it follows 

that  in the low frequency range and hence we 

use this signal to approximately cancel the disturbance .  

The idea can be explained in the state space. Let the 

system  be realized as 

 

        (8) 

 

and the low-pass filter  is realized as  

 

          (9) 

 

The parameter  is a sufficiently small positive 

constant, which is closely related to the bandwidth of the 

filter.  has the same structure as  and is 

realized by 

 

    (10) 

 

The inverse dynamics [12] of nominal plant (  in 

Fig. 3) is derived as follows. 

 

            (11) 

Fig. 3. Basic structure of disturbance observer. 
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where  and  are the nominal values of  and , 

respectively. 

Using singular perturbation theory, one can conclude 

that the states  and  converge to some values (or 

trajectories) in a very short time so that the quasi-steady-

state system [13] becomes 
 

          (12) 
 
Note that the disturbance  is completely eliminated in 

the Eq. (12). Moreover, in the quasi-steady-state, the 

uncertain values (  and ) of  present no longer and 

are replaced by corresponding nominal values. For more 

details on the robust stability and performance recovery, 

the readers are referred to [9, 14]. 

  
 

3. Design of DOB based Pitch Controller 

 

In this section, we propose the DOB based pitch 

controller to limit the aerodynamic power in the region 

. As discussed in Section 2.2, the purpose of pitch 

controller is to regulate  so that .  

 

3.1 Pitch angle as control input 

 

Although the dynamics of the rotor speed (5) is linear, 

the aerodynamic torque described in (4) is highly nonlinear 

with respect to the tip speed ratio  and the blade pitch 

angle . Since our objective is to regulate the input power 

when the wind energy is greater than the rated value, the 

main control action is to reduce the inlet wind energy by 

controlling the pitch angle . In order to design the DOB 

based pitch controller, we first rewrite the Eq. (5) so that 

the system becomes input affine [13]. Furthermore, to 

simplify the problem, the input gain is linearized around 

the operating point where  (rated wind speed), 

 (rated electrical rotor speed), and .  

From the Eqs. (4)-(5) and the fact that the tip speed ratio  

is a function of the rotor speed  and the wind speed , the 

drive train model is rewritten as a linear system with 

perturbation. (Here, we used Taylor series expansion.) Namely, 
 

 
                                             (13) 

 

where , , 

 and  consists of 

and high-order 

nonlinear terms. The rotor speed  and the blade pitch 

angle  are the state and the control input, respectively. In 

order to effectively deal with the situation, the wind speed 

is greater than the rated value, the uncertain wind speed  

is decomposed as  where  is the known 

rated wind speed while  is unknown. 

The dynamics of the wind turbine model, which contains 

the drive train model derived above and the pitch actuator 

is given by  

 

   (14) 

 

where  Here, we 

define the output of this dynamics  as the rotor speed 

since the purpose of pitch control is to make  converge to 

. It is also intended to emphasize the feedback signal we 

will use when we apply the DOB structure introduced in 

Section 2.4. We emphasize that the control signal which 

will be developed in the sequel is   

 

3.2 Design of DOB based pitch controller  

 

Fig. 4 shows the structure of the proposed controller. It 

is seen that the pitch controller is composed of the outer-

loop PID controller and inner-loop DOB. Note that the PID 

controller corresponds to the controller  in Fig. 3. It is 

designed to regulate  to  and has the following form. 
 

 

Fig. 4. DOB based pitch controller. 
 

     (15) 

 
where  is the controller output,  is a value slightly 

greater than , and , , , and  are design 

parameters. It is noted that in (15),  is used rather than 

 in order to avoid the chattering effect when the wind 

speed varies around its rated value. In addition, as 

explained in Section 2.4, the parameters for PID controllers 

are chosen for disturbance free nominal model (16) for the 

system (14), which will be derived shortly.  

In order to design the inner-loop controller based on 
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DOB, the nominal model of the wind turbine based on (14) 

is derived as 
 

       (16) 

 
Here, it is noted that the Eq. (14) does not satisfy the 

matching condition. In other words, the disturbance  

and the input  are not on the same line. But, in practice, 

the pitch actuator dynamics is much faster than the drive 

train dynamics, that is to say, compared with , the 

magnitude of the parameter  is relatively large. In 

addition, the pitch actuator dynamics is stable for the 

positive parameter , which means that the pitch angle  

converges to the input of the pitch actuator  sufficiently 

fast. Thus, we temporarily ignore the pitch actuator 

dynamics so that the inverse dynamics of the nominal plant 

is derived as follows.  
 

       (17) 

 
With this result, we design the inner-loop controller as  
 

    (18) 

 
As seen in Fig. 4, DOB generates  and this signal 

is added to the output of PID controller resulting the input 

for pitch actuator  is generated. Note that  

corresponds to  and  corresponds to  in Fig. 3. 

In order to analyze the stability and the performance of 

the closed loop system, we define  and the states 

 and  are transformed into  and  as follows.  
 

         (19) 

 
With these variables, the overall system (14) and (18) 

becomes 

    (20) 

where 

 

  

 

Since the small parameters  and  are different, we 

use the multi-parameter singular perturbation theory. Let  
 

  

 
Then the Eq. (20) is rewritten as follows. 

 

       (21) 

 

With the result of (21), it can be seen that the system 

shows two time scale behavior since  is sufficiently 

small. Indeed, the dynamics of rotor speed  is relatively 

slow and that of ,  and  is relatively fast. Moreover, if 

the fast dynamics part is D-stable, i.e., the matrix  is 

Hurwitz, then the states ,  and  converge to , , 

and  where 
 

  

 
when the positive constants  and  are sufficiently 

small. (Note that , , and  are obtained from (21) 

with ) Finally, The quasi-steady state subsystem 

(with ) becomes 

 

    (22) 

 

So, the overall system behaves like the disturbance-free 

nominal system which is not affected by . The 

following result summaries the stability result.  

 

Theorem 1: Suppose that 

(1) the quasi-steady-state system (22) with pre-designed 

pitch controller (15) is asymptotically stable,  

(2) the overall system (21) is D-stable, i.e., the matrix 

 is Hurwitz, 
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(3)  and  are bounded and continuously differentiable 

with bounded derivatives. 

Then, the overall system (14) and (18) is stable and 

behaves like the quasi-steady-state system (22) after the 

transient of fast dynamics of , , and , if  and  are 

sufficiently small. 

 

Proof: The proof easily follows from the multi-

parameter singular perturbation theory [15] and the state 

space analysis of the DOB theory [9, 14]. 

 

Remark 2: The assumption (3) in Theorem 1 always 

holds because the function  depends on the torque 

coefficient  and it is continuously differentiable with 

bounded derivatives. 

 

 

4. Simulations 
 
Simulations are performed to evaluate the proposed 

scheme. The results are shown in p.u. (per unit) expression. 

The parameters for the wind turbine, DOB and PID 

controller are given in Appendix and the other system 

parameters are taken from [1].  

Fig. 5 shows the wind speed considered in the 

simulation. It is determined by Kaimal spectra, where the 

mean is 1.5 (p.u.) and the turbulence intensity is 15%. We 

concentrate on the situation in which the wind speed is 

greater than its rated value because the pitch controller 

operates in the region . (Note that the power 

controller is also active in this region.) 

 

 

Fig. 5. Wind speed. 

 

The simulation result of the power regulation can be 

seen in Figs. 6 and 7. (In Figs. 6 and 7, the blue and red 

lines represent the results with the conventional PID 

controller and those with proposed controller and each 

figure includes five parts: the generator output power, the 

input torque, the pitch angle, the rotor speed, and the 

torque coefficient.) One can see the difference clearly in 

Fig. 7 where all the responses are shown in detail. The 

generator output power  of both controllers does not 

exceed 0.87 (p.u.) after the transient response. Compared 

to its rated value 0.86 (p.u.), the power regulation is well 

achieved. However, the output power of the PID controller 

fluctuates. 

 

 

 

 

 

Fig. 6. Simulation for power regulation. (From the top to 

the bottom, , , , , and ) 
 

 

 

 

 

 

Fig. 7. Zoom of Fig. 6. (From the top to the bottom, , 

, , , and ) 
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One can also see that the generator torque  of the 

proposed controller shows a better performance over the 

PID controller. (Using PID controller, the torque 

fluctuation is almost 0.05 (p.u.).) This means that the 

proposed controller reduces the effect of wind speed 

variation substantially. It is believed that this is because the 

DOB regulates the rotor speed tightly (see the graph of 

angular speed).  

Regarding the performance recovery, one can see from 

Fig. 8 that the proposed controller recovers the 

performance of the outer-loop PID controller that is 

designed for the nominal plant (the blue line represents the 

response when the wind speed is fixed at 1 (p.u.).). 

 

 

Fig. 8. Nominal performance ( ) of PID controller 

and performance recovery by DOB. 

 

 

5. Conclusion 

 

In order to regulate the generator power above the rated 

wind speed region, this paper proposes a DOB based pitch 

control scheme for variable speed wind turbines. The 

difference between the real wind speed and rated wind 

speed is considered as a disturbance and the nonlinearities 

of wind turbine dynamics have been treated as model 

uncertainties. The simulation results show that the 

proposed DOB based pitch controller shows a better 

performance over the conventional PID.  

 

Appendix 

 

(1) System Parameters 

Rotor radius: =14 (m) 

Rated wind speed: =13 (m/s) 

Moment of inertia: =4 (s)1  

Gear ratio: =26.8 

Constant of pitch actuator dynamics: =0.12 (s) 

Parameters of torque coefficient: 

=0.5, =116, = 0.4, =0, =5, =21, =0 

                                                           

 
1  The inertia constant is expressed in seconds, defined as 

 where , , and  are the turbine’s moment of 

inertia ( ), the base speed of the rotor, and machine nominal 

power ( ), respectively. 

(2) Control Parameters 

Rated turbine rotor speed: =1 (p.u.) 

Rated electrical rotor speed: =1 (p.u.) 

Reference of electrical rotor speed: =1.05 (p.u.) 

Rated generator power: = 0.86 (p.u.) 

Generator output power reference constant: =0.86 

Parameters of power controller: =0.5, =1 

Parameters of pitch controller: 

=100, =0.7, =0.8, =5 

Parameters of DOB: =1, =  
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