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Abstract—This paper addresses the problem of pitch angle 
regulation of floating wind turbines with the presence of 
dynamic uncertainty and unknown disturbances usually 
encountered in offshore wind turbines, where two control laws 
are derived for two different cases to continuously achieve zero 
pitch angle for the floating turbine. In the first case, the time-
varying unknown coefficients that characterize the turbine's 
dynamics are assumed reasonably bounded by known functions, 
where robust controller is designed in terms of these known 
functions to achieve zero pitch angle for the turbine with 
exponential rate of convergence. While in the second case, the 
turbine's dynamics are considered to be characterized by 
unknown coefficients of unknown bounds. In this case, a sliding-
mode adaptive controller is constructed in terms of estimated 
values for the unknown coefficients, where these values are 
continuously updated by adaptive laws associated with the 
proposed controller to ensure asymptotic convergence to zero 
for the turbine's pitch angle. Simulations are performed to 
demonstrate the validity of the proposed controllers to achieve 
the required regulation objective.  

 

I. INTRODUCTION 

Winds are considered as one of the main resources for the 
renewable energy that is becoming increasingly important part 
in electrical power generation. It was pointed out that 
terrestrial wind power expansion has slowed down due to 
several problematic issues such as noise generation and the 
need for large expanses of land for wind farms set up. 
Therefore, significant attention has been paid for building 
wind turbines at sea [1].  

According to the European Wind Energy Association 
(EWEA), over 100 GW of offshore wind projects are already 
in various stages of planning, which has the capability of 
producing 10% of the Europe’s electricity whilst avoiding 200 
million tonnes of 2CO  emissions each year [2]. A government 

report investigated the feasibility of wind energy to provide 
20% of U.S. electricity by 2030, and this report found that 
more than 300 GW of wind energy capacity would need to be 
installed, including 54 GW offshore [3]. On the other hand, a 
recent survey study of wind behavior over the Arabian Gulf 

showed the capability of the this Gulf to provide efficient 
wind resources, and a wind farm is a prospective renewable 
energy resource in this region [4]. 
To some extent, a greater power generation can be achieved 

if the wind turbine is set up far enough from the coastal 
regions at depths greater than 50 m where high speed winds 
are  abundant [1]. In such depths, floating structures are used 
for deploying offshore wind turbines. In this kind of wind 
turbine, the two problematic issues just mentioned for 
terrestrial wind turbines can be avoided. As well as these 
advantages, the effects of fatigue loads are significantly 
reduced in this kind of turbines which leads to achieving 
longer life structures. In addition, such floating wind turbines 
are very suitable for delivering power for oil and gas 
industries that are usually available offshore. For these and 
other reasons, floating wind turbines were the subject of many 
recent researches that have studied offshore wind turbines 
from different points of view. Some of theses researches 
concentrated on the concept of offshore floating wind turbines 
[6], while significant attention has been paid for the turbines 
modeling objective [5], [7], [8], [9], [10], and other studies 
aimed to address design issues and economic assessment of 
this type of wind turbines [11] and the future of offshore wind 
energy in some interested countries (see e.g. [12]).    

In this context, the problem of pitch angle regulation for 
floating wind turbines is considered in this paper, and our 
objective is to design control laws to achieve zero pitch angle 
for a floating wind turbine whose dynamics is characterized 
by unknown time-varying coefficients and external 
disturbances induced from hydrodynamic and aerodynamic 
interactions of the floating turbine with its environment. The 
main results are first accomplished for a class of general 
dynamic systems represented by non-homogeneous 
differential equation with time-varying unknown coefficients 
and unknown force function, where sufficient conditions are 
derived for output regulation of such systems. Then the main 
results are applied to the problem of pitch angle regulation of a 
floating wind turbine with dynamic uncertainty and external 
disturbances.  
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II. PROBLEM STATEMENT 

We consider the general dynamic system described by the 
following non-homogenous differential equation with time-
varying coefficients: 
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+=++
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  (1)     

where )(tα , )(tβ  and )(tγ  are time-varying coefficients, F(t) 

is a generalized force function, u is the control input, x is a 
state variable, λ  is strictly positive constant and y is the 
output of the system.   

Throughout this paper, we consider the following 
assumption. 
Assumption 1: The states of the system x  and x�  are 
considered to be locally Lipschitz and available for 
measurement, and the function )(tα  is strictly positive, i.e. 

0)( >tα   0≥∀t .  

Concerning the time-varying  coefficients )(),( tt βα , )(tγ  
and the function F(t), there are two possible cases for the 
system as shown in the following two assumptions. 
Assumption 2:  The time-varying  coefficients )(),( tt βα , 

)(tγ  and the function F(t) are considered to be bounded and 
unknown, but there exist known functions )(),( tt ∗∗

βα , )(t∗

γ  

and )(t∗

ρ  such that )()( tt ∗

≤ αα , )()( tt ∗
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≤ γγ  and )()( ttF ∗

≤ ρ . 

Assumption 3: The time-varying coefficients )(),( tt βα , 

)(tγ  and the function F(t) are considered to be bounded, 

unknown and of unknown bounds. 
Remark 1: Since )(),( tt βα , )(tγ  and F(t) are bounded, there 

exist unknown constants γβα ,,  and ρ  such that 
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The main objective of this paper is to find control laws for 
achieving zero pitch angle for the floating turbine considering 
these assumptions.   
Defining the error dxxe −=  with the desired state 0)( =txd , 

we get xe = . Let us define a filtered error as: 

)()( te
dt

d
ts �

�
�

�
�
�

+= λ  (2) 

Then the problem of tracking the states 0)( =txd  and 

0)( =txd
�  can be replaced by a first-order stabilization in s  

[13], which implies output regulation of system (1) because 
sy = . 

III. MAIN RESULTS 

In this section we find sufficient conditions for output 
regulation of system (1) that satisfies Assumptions 1 and 2 or 
Assumptions 1 and 3. This is respectively accomplished 
throughout the following two theorems.  

Theorem 1: Under Assumptions 1 and 2, the dynamic system 
described by (1) is asymptotically exponentially stable if it 
satisfies the following control law: 
     { }sxxxsu −−−−−=

∗∗∗∗

γβραλ ��)sgn(         (3) 

Proof: Differentiating the filtered error s and substituting for 
xe =  and xe �� = , we get    

  xxs ���� λ+=   (4) 

 From (1), we have 
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Substitution of (5) into (4) yields 
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Substituting for u from (3), we find 
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 Select the following Lyapunov candidate: 
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Since ∗

≤ ρstFs )( , xsxts �� ∗

≤ ββ )( , xsxts ∗

≤ γγ )(  

and xsxs �� ∗

≤ λααλ , we obtain 
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From (8) and (9), we conclude that 
∞

∈ LV  and so that 
∞

∈ Ls . 

From (9), 0≥∀t  we have �� −≤=−

tt

dsdVVtV
0

2

0
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that )0(
0

2 Vds
t

≤� τ  for all 0≥t , which implies 2Ls ∈ . Since 

x  and x�  are locally Lipschitz, then 
∞

∈ Ls� . From 

∞
∩∈ LLs 2  and 

∞
∈ Ls� , and based on Barbalat's lemma [14], 

we find that 0)(lim =
∞→

ts
t

 and so 0)(lim =
∞→

ty
t

. Therefore, 

system (1) is asymptotically stable.  
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From Lemma 2.1 in [14], we find )
2

exp()0( tVV
α

−≤ , and so 

that system (1) is exponentially stable.  � 
 
Theorem 2: Under Assumptions 1 and 3, the dynamic system 
described by (1) is asymptotically stable if it satisfies the 
following control and parameter-update laws: 

          { }sxxxsu −−−−−= γβραλ ˆˆˆˆ)sgn( ��  (10) 
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Consider the following Lyapunov candidate  
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As in the proof of Theorem 1, we can find that 
∞

∩∈ LLs 2  

and 
∞

∈ Ls� , and so that 0)(lim =
∞→

ts
t

. Therefore, system (1) is 

asymptotically stable.     � 
 

IV. SIMULATION 

In this section we apply the main results addressed in 
Theorems 1 and 2 to a floating wind turbine. The terms 
required to define translational and rotational motion of a 
floating wind turbine are shown in Fig. (1).  

 

After adding a suitable actuator, such as antiroll tanks or any 
other active control mechanism, for providing the torque 
required for pitch angle regulation as a control input, the 
resulting actuator torque can be combined to the pitch 
dynamics of floating turbine in [5] according to Newton's 
second law to obtain the following equation of motion: 

utTCC

BBAI

LinescHydrostati

ViscousRadiationRadiationMass

+=+

++++

)()(

)()(

ξ

ξξ
���

  (18) 

where ξ  is the platform-pitch angle, ξ
�  is the platform-pitch 

rotational velocity, ξ
��  is the platform-pitch rotational 

acceleration, MassI  is the pitch inertia associated with wind 

turbine and barge mass, RadiationA  is the added inertia (added 

mass) associated with hydrodynamic radiation in pitch, 

RadiationB  is the damping associated with hydrodynamic 

radiation in pitch, ViscousB  is the linearized damping associated 

with hydrodynamic viscous drag in pitch, cHydrostatiC  is the 

Fig. (1). Coordinate System for Floating Wind Turbine. 
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hydrostatic restoring in pitch, LinesC  is the linearized 

hydrostatic restoring in pitch from all mooring lines, T is the 
aerodynamic rotor-thrust moment and u is the control input.  

It is clear that system (18) is a special case of system (1) 
with )( RadiationMass AI +=α , )( ViscousRadiation BB +=β , 

)( LinescHydrostati CC +=γ , ξ=x  and )()( tTtF = . 

The time-varying coefficients RadiationA , RadiationB , ViscousB , 

cHydrostatiC  and LinesC  characterize complicated aerodynamic and 

hydrodynamic interactions of the turbine with its environment 
that is usually uncertain. Therefore, it is very reasonable to 
consider these coefficients, as well as the torque T, to be 
unknown because of turbine's environment uncertainty and the 
complicated aerodynamic and hydrodynamic interactions of 
the turbine with its environment. Then there exist two possible 
cases; either we have known reasonable upper bounds for 
these unknown coefficients, or we do not have such bounds, 
and the turbine's dynamics is of large uncertainty. These two 
cases are respectively covered by Assumptions 2 and 3. 
However, Assumption 1 can be achieved by using accurate 

devices for measuring the states ξ  and ξ
� . 

We consider a floating turbine of 5300 kg mass, 2120000 
4kg.m  mass moment of inertia and 40 m height, subjected to 

unknown aerodynamic and hydrodynamic effects. 
Figure (2) shows the response of system (18) by using the 

control law (3), while Figure (3) shows the system's response 
by using controller (10) and parameter-update laws (11)-(14).  

The two figures demonstrate the validity of the proposed 
controllers to achieve the required pitch angle regulation. A 
comparison between these two figures show the faster 
convergence of the error signal in the first case where 
controller (3) is used compared with the second case where 
controller (10) is employed. This is attributed to the 
availability of known reasonable bounds to the unknown 
coefficients in the first case, where these bounding functions 
were employed in controller (3), in contrast to the second 
case where such bounding functions are not available, and the 
control law (10) has used estimated values that are 
continuously updated using update laws (11)-(14). 

 

V. CONCLUSION 

Two control laws are designed in this paper for controlling 
the pitch angle of floating wind turbines characterized by 
unknown coefficients and external disturbances. Simulations 
are performed and show the validity of the proposed 
controllers to achieve zero pitch angle for a floating wind 
turbine. The first controller is designed for the case where the 
unknown coefficients and external disturbance are bounded 
by known functions, while the second controller is developed 
for the case where such known functions are not available. As 
shown in the simulation, the first controller achieves a faster 

convergence compared with the second one, and this is 
because of the availability of known functions that bound the 
unknown coefficients and external disturbance in the first 
case, where these functions are employed in the designed 
controller, while the second case does not satisfy such 
assumption. The state of the system in this paper is 
considered available for measurement, and a future work is 
recommended to consider the case of unmeasured state, 
where state observers can be added to ensure the objective of 
pitch angle regulation.      
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Fig. (2). A- Filtered error response via control law (3). B- Pitch angle regulation via control law (3). 
C- Control variable u described by (3). 

Fig. (3). A- Filtered error response via control law (10). B- Pitch angle regulation via control law (10). 
C- Control variable u described by (10). 

C 

� (rad) 

s 

u (N.m) 

s 

u (N.m) 

� (rad) 

54

Iraq J. Electrical and Electronic Engineering المجلة العراقية للهندسة الكهربائية والالكترونية

________________________________________________________________________________________________________________________
Vol.7 No.1, 2011 مجلد7, العدد1, 2011




