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Hala J. El-Khozondar, Amani S. Abu Reyala, Mathias S. Müller 

Abstract—To capture the maximum amount of energy with low cost, wind turbine should be large and 

individual pitch control (IPC) technique has to be considered. Asymetric loads on the rotor blades experienced 

by wind speed and gravitational force might cause fatigue and damage to the blades. Consequently, it is 

important to consider health monitoring of the wind energy converters to detect early structural problems.  For 

this purpose, reliable and efficient optical grating sensors are added at the root of the blades to sense stresses and 

strains caused by the wind and the gravitational forces. The purpose of this work is to develop a simple model of 

the blade to study the moments generated by the wind and the gravity at each blade. It is shown that the 

calculated values of the strains and stresses agree with the values previous calculations.  

 Index Terms—Individual pitch control, Wind turbine, Power coefficient, Stress, Strain, Moments. 

I INTRODUCTION

 
Wind energy is one of the renewable energy sources, 

which does not cause environmental pollution problems. The 

European Wind Energy Association (EWEA)[1] has set a 

target till 2020-30 to get more energy from renewable 

sources including wind energy, resulting in a great growth in 

wind energy technology.  Wind turbines rotor blades may 

rotate around a horizontal axis or a vertical axis. Their 

height varies from 40m to 80m, their rotor blades diameter  

changes from 50m to 130m, and their power may reach 

5MW and above [2]. The wind turbine capacity upswings 

with increasing the rotor blade diameter and the tower 

height. However, this increase threatened the stability of the 

turbine which might lead to unrecovered damages due to 

dynamic load caused by wind turbulence, tower shadow, and 

rotor unbalance [3].   This requires a reliable control method 

for load reduction [4]. Various control methods have been 

proposed for this purpose encompassing individual pitch 

control (IPC) which employed to lessen loads[5-8]. In IPC 

the three blades are controlled individually to decrease the 

rotor unbalanced load by montoring the pitch angle inde-

pendently.   

IPC relies on load sensors to measure the loads acting on 

the blades. The control algorithm based on load sensors is 

executed and assessed by different authors [5, 9]. The avail-

able load sensor with high performance and reliability is 

expensive. This causes an increase in the cost of the wind 

turbine parts and thus the expenses of the energy produced 

from the wind turbine converter increases. This motivated 

several companies to produce low cost reliable load sensors.   

 

Optical fiber Bragg grating (FB) sensors are immune to 

the electromagnetic interference, resist envionemental 

harshness, are compact in size and provide accurate meas-

urements of stress and strains as shown in previous studies 

[10-15]. Fos4x installed the FB sensors at the roots of the 

rotor blades.  The complex assembly of the rotor blade 

makes aeroelastic simulations hard.  

The aim of this work is to introduce a simplified model 

for individual pitch control of wind energy converter to get 

maximum possible value of power coefficient. The model is 

used to study the moments on the blades caused by the ap-

plied forces, wind and gravity on the blades.  Then, the 

stresses and strains are derived from the related moments 

and compared with the measured values of FB sensors.  

The topic of section 2 is the physics concepts of wind en-

ergy and the effect of the tip speed ratio on the power coeffi-

cient. Section 3 is dedicated to the need of a reliable and 

efficient sensor for sensing the bending moment, stresses 

and strains caused by wind, gravitational and centrifugal 

forces at the root of the blade. The focus of section 4 is on 

the analytical model of the moments generated by the wind 

and the gravity for each blade. Section 5 is devoted to com-

pute the stress and strain from the bending moments and 

compare them with the real values measured by fiber Bragg 

grating sensors of Fos4x German Company. 

II PHYSICS CONCEPTS OF WIND ENERGY  

In wind energy turbine, wind power is converted to elec-

trical power. Understanding the physical concepts of the 

conversion of wind energy to electricity helps us to enhance 

the performance of wind turbines. The wind power is related 

to the wind speed as follows, 

                                   
31

2
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where A  is the rotor blades sweeping area, ρ is air density, 

and u is relative wind speed. Equation (1) shows that the 

wind power depends on the cubic power of its speed. Con-

sequently, accurate measurement to wind power requires 

accurate wind speed data. 

The wind attacks the rotor plane at an angle α between 

the wind direction and the chord line of the airfoil, as dis-

played in figure 1. The two main components of the wind 

force acting on the rotor blade are the lift force FL and the 

drag force FD . These forces are given as follows, 
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2D DF c u A                           (3) 

 
where cL is the lift force coefficient and cD is the drag force 

coefficient [2]. The drag force direction is parallel to the 

initial direction of movement while the lift force direction is 

perpendicular to the initial direction of movement as illus-

trated in figure 1.  

The wind energy changed to mechanical energy on the 

wind turbine blades is restricted by the Betz' law (maximum 

59%). The ratio of the mechanical power of the rotor blades, 

PR, to the wind power, P, is defined by the power coefficient 

of the turbine, cp: 

 

                                          /p Rc P P                            (4) 

 
where PR is determined from the following formula, 
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2R pP c A u                        (5) 

 

The dependence of cp on the tip speed ratio λ and the 

pitch angle φ can be approximated as in equation (6). 

 

   2 3 4 51 6
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where the coefficients c1-c6 and x have variant values for 

different wind turbines and β is a parameter defined as  
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where /R u  , R is the blade length and ω is the blade 

angular velocity [16]. Equation (6) is plotted in Figure 2 for 

different values of the pitch angle φ = 0°, 5°, 10°, 15°, 20°. 

The coefficient values used in figure 2 are: c1= 0.5, c2 = 116, 

c3 = 0.4, c4 = 0, c5 = 5, c6 = 21 [17].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Forces exerted on the airfoil 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: The relationship between the cp and λ 

 

 

Figure 2 shows a group of typical cp-λ curves. It can be no-

ticed that the converted mechanical power from the turbine 

blade is a function of the rotational speed, and has its maxi-

mum value at a particular rotational speed, which varies 

with the pitch angle φ.  

III INDIVIDUAL PITCH CONTROL (IPC) 

Wind turbine rotor bears different types of loads; i. e., 

aerodynamic loads, gravitational loads and centrifugal loads. 

These loads cause fatigue and vibration in blades, which 

cause degredation to the rotor blades [18]. These loads can 

be overcome and the amount of collected power can be 

controlled using pitch control (PC) by tuning the attack 

angle of a wind turbine rotor blade into or out of the wind.   

Each blade is exposed to different loads due to the varia-

tion of the wind speed across the rotor blades. For this rea-

son, individual electric drives are used to control the pitch-

ing of the blades in a process called IPC [5]. In this case, the 

power coefficient cp, which is defined in equation (6), de-

pends on the wind velocity. The converted mechanical pow-

er will be modified to the following expression, 
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Figure 3 : Adjustable pitch blades 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 : Effect of the pitch angle on the output power 

 

The variation of the received power with the wind speed 

and the pitch angle is plotted in figure 4. The figure shows 

that as the pitch angle changes, the value of the maximum 

output power varies.  

The load sensor is the most important component of IPC to 

get accurate values of asymmetrical loads on the blades. The 

measured load values detected by the sensor are fed into the 

the control algorithm to take the consequential action to 

pitch the individual blade to the right angle. Measuring 

stress is very important to obtain the right information about 

the structural properties of wind turbine tower and jacket 

under harsh environment [17]. Fiber Bragg grating sensor 

(FBG) is used to get continuous set of stress and strain data 

to monitor structure behavior under different load condi-

tions. FBG sensor consists of one cable that transmits data 

from many different operating points and can bear severe 

environment.   

IV THE MATHEMATICAL MODEL : 

Four FBG sensors placed at the root of each blade are 

used to feedback the system with the stress and strain. The 

values of the stress and strain imposed on the blades are 

calculated using a mathematical model and analytical simu-

lation. The blade structure is very complex to start with; 

therefore, the rotor blade is represented by a half cylinder 

beam to simplify the problem. A full cylinder beam is con-

sidered by previous work done by Siddiqi[18]. The half 

cylinder is used because it is a closer approximation to the 

shape of the rotor blade than the full cylinder. The half cyl-

inder has length R, cross section area A, outer chord length 

c2, and inner chord length c1 as shown in figure 5. The blade 

rotates around the horizontal axis taken to be the z-axis by 

the angle θ and at the same time each blade rotates around 

its axis, x'-axis, by pitch angle φ as shown in figure 6.  

 
 

 

 

 

 

 

 

 

 

 

Figure 5 : The half cylinder model of the blade 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Rotation of the blade around z-axis and pitching 

around its x'-axis. 

 

In addition to the gravitational force, the wind flow 

against the rotor blades is translated into two perpindicular 

forces which are lift and drag forces as shown in equations 

(2) and (3). The total forces are transformed into the prime 

frame (x'y'z') using the transformation matrix in equation 

(9). 
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    (9) 

 

Starting with equation (2), the drag force on one foil is 

derived over the cross section of one foil as follows: 

 

          21

2
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where 

 

   2 1 2 1   -    0.5 [ (2 ) - (2  )]dA dA dA c dr c dr              (11) 

 

dFL is transformed to the prime frame using the transfor-

mation matrix in equation (9). Similar procedure are fol-

lowed for the drag force FD. Then, the two forces in the 

prime frame are analysed to axial force (dFx') in the x' direc-

tion (the beam axis), tangential force (dFy')  and normal 

force (dFz').  Integration over the length of the beam is done 

to get the following forces: 

 

                   2

' 2 1

1

4
tanx LF c u c c R                    (12) 

     2

' 2 1

1

4
sec cos siny L DF u c c c c R         (13) 

      2

' 2 1

1

4
sec sin sinz L DF u c c c c R         (14) 

Moments in edgewise and flapwise directions can be cal-

culated respectively.  Integrating the tangential forces over 

the blade length produces the rotor torque while integrating 

the normal forces produces the rotor thrust. 
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    (16) 

 

The axial force from wind produces zero moment be-

cause the cross product will equal to zero. The same proce-

dure is applied to calculate the moment due to the gravita-

tional force (Fg). As the blade rotates, the gravitational force 

acts in the negative y-direction at the center of gravity (Cg) 

at a distance equals one third of the total length of the blade. 

 

                                  (- )g yF m g a                           (17) 

 

where m is the mass of the blade and g is the acceleration of 

gravity. In the prime frame the gravitational force is 

  

                 - cos (cos
'

sin )
'

F mg ja jag y z
          (18) 

 

The corresponding gravitational moment (Mg) is  

 

       
'

- cos (cos - sin )
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C
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mg ja ja
z yg

 


           (19) 

 

 

The static load, the stress and strain, can be calculated from 

rotor thrust and rotor torque. Strain is a measure of the inter-

nal forces acting within a deformable body. Normal stress is 

the force per unit area applied in a direction perpendicular to 

the surface of an object. Table 1 summaries the stresses and 

strains result experienced different type of forces on the 

blades. The total stress and strain can be found by using 

superposition principle. 
 

Table 1 : Stresses and strains in the structural models 

 

Where N is the normal force, A is the area, σ is normal 

stress, ε is strain, γ is shear strain, ν is Poisson ratio, E is 

young modulus of elasticity, G is modulus of rigidity, M is 

bending moment, Q is shear force, I is moment of inertia, t is 

thickness and J is polar moment of area. 

 

IV SIMULATION RESULTS AND DISCUSSION: 

The results are calculated numerically and summerized in 

table 1. The calculations are performed on the first blade. 

Figure 7 shows a variation of stress and strain with time 

keeping other variables constant; i .e., the nominal value of 

the wind speed = 12.3 m/s, the attack angle = 10 degrees and 

the pitch angle value is chosen to give maximum power. 

In Figure 8, the stress and strain are plotted as a function 

of the wind speed keeping all other variables fixed.  The 

fixed variable values are chosen as folows: Time equals to 

10 sec, the pitch angle value is selected to give maximum 

power, and the attack angle value is 10 degrees.  
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Figure 9 displays the dependence of stress and strain on 

the pitch angle keeping the other variables constant. The 

values of these variables are: the wind speed nominal value 

is taken, the attack angle is equal to 10 degrees and the time 

value is equal to 10 sec. Note that the stress and strain vary 

sinusoidally with pitch angle as expected from the theoreti-

cal equations.  
The variation of stress and strain with the attack angle is 

illustrated in Figure 10. The other variables are kept contant. 

The calculated mean value of the strain (εxx) from figures 

(7)-(10) is equal to 0.4335 mm/m, 0.4329 mm/m, 0.4152 

mm/m, and 0.4388 mm/m respectively. Siddiqi[18] calculat-

ed mean value of the strain (εxx) which equals 0.55 mm/m. 

The mean value of the strain (εxx) we obtained from our 

calculation is deviated by 21% from the expected result [18].  

The mean values of εyy = εzz =  -0.4780 mm/m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 : Stress and strain versus time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 : Stress and strain versus speed 

 

 

 

 

 

 

 

 

 

Figure 9 : Dependence of Stress and strain on pitch angle 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

 

Figure 10 : Variation of stress and strain with attack angle 

 

V  CONCLUSION 

 The basic concept of individual pitch control of wind ener-

gy converter to get maximum possible value of power coef-

ficient is developed. We used a half cylinder simple model 

to represent the blades of the wind energy turbines to ana-

lyse and calculate asymmetric loads on the rotor blades. 

Analytical equations are derived to express the moments 

generated by the wind and the gravity on each blade. Then, 

the strains and stresses are calculated. The results agree with 

the expected values.   

 

-15 -10 -5 0 5 10 15
1.5

1.6

1.7

1.8
x 10

7

pitch angle (deg)

s
tr

e
s
s
 (

P
a
)

-15 -10 -5 0 5 10 15
4

4.2

4.4

4.6

4.8
x 10

-4

pitch angle (deg)

s
tr

a
in

(m
m

/m
) 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
1.2

1.4

1.6

1.8
x 10

7

time (sec)

s
tr

e
s
s
 (

P
a
)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
3.5

4

4.5

5
x 10

-4

time (sec)

s
tr

a
in

(m
m

/m
) 

0 5 10 15 20 25
1.5

1.6

1.7

1.8
x 10

7

speed (m/s)

s
tr

e
s
s
 (

P
a
)

0 5 10 15 20 25
4

4.2

4.4

4.6

4.8
x 10

-4

speed (m/s)

s
tr

a
in

(m
m

/m
) 

(m
m

/m
) 

-10 -8 -6 -4 -2 0 2 4 6 8 10
1.532

1.534

1.536

1.538

1.54
x 10

7

attack angle (deg)

s
tr

e
s
s
 (

P
a
)

-10 -8 -6 -4 -2 0 2 4 6 8 10
4.14

4.145

4.15

4.155

4.16
x 10

-4

attack angle (deg)

s
tr

a
in



LOAD REDUCTION IN WIND ENERGY CONVERTERS USING INDIVIDUAL PITCH CONTROL HALA J. EL-KHOZONDAR, AMANI S. 

ABU REYALA, MATHIAS S. MÜLLER (2014) 

 

  

17  

REFERENCES 

[1] J. Muth, E. Smith, 45% by 2030: Towards a truly sus-

tainable energy system in the EU, Report by European   

renewable   energy   council (ECER), published in May 

2011. 

[2] K. Grogg, Harvesting the Wind: The Physics of Wind 

Turbines, Physics and Astronomy Department, Car-

leton College, 2005. 

[3] Y. Xingjia, W. Xiaodong, X. Zuoxia, L. Yingming, L. 

Jun, Individual Pitch Control for Variable Speed Tur-

bine Blade Load Mitigation, ICSET, IEEE (2008) 767-

772. 

[4] K. Selvam, Individual pitch control for large scale 

wind turbine: multivariable control approach, Report 

by Energy research center of the Netherlands (ECN), 

ECN-E-07-053 (2007). 

[5] E. Bossanyi, Individual blade pitch control for load 

reduction, wind energy. 6 (2003) 119-128. 

[6] P. Caselitz, W. Kleinkauf, W. Krueger, J. Peschenka, 

M. Reichardt and K. Stoerzel, Reduction of fatigue 

loads on wind energy converters by advanced control 

methods, proc. European Wind Energy conference, 

Dublin, 1997, pp. 555-558. 

[7] T. Van Engelen, and E. Van der Hooft, individual pitch 

control inventory. Report ECN-C-03-138, ECN (2003). 

[8] T. Larsen, H. Madson and K. Thomson, Active load 

reduction using individual pitch, based on load blade 

flow measurements, wind energy. 8(2005) 67-80.  

[9] E. Kittilä, Implementation And Evaluation Of Wind 

Turbine Control Concepts, Master of Science Thesis, 

Mechanical and Materials Engineering Department, 

Tamper University of Technology, 11 January 2012.  

[10] A. Pérez Grassi, M. Müller, H. J. El-Khozondar and A. 

Kock, Method for strain tensor reconstruction with 

embedded fiber Bragg grating sensors, Smart Materials 

and structures. 20 (2011)105031-6. 

[11] H. El-Khozondar, M. Müller, C. Wellenhofer, R. El-

Khozondar, A. Koch, Four-Mode Coupling in Fiber 

Bragg Grating Sensors using Full Fields of the Funda-

mental Modes, Fiber and integrated optics. 29 (2010) 

420-430. 

[12] H. El-Khozondar, M. Müller, T. Buck, , R. El-

Khozondar, A. Koch, Experimental investigation on 

polarization rotation in twisted optical fiber using la-

boratory coordinate system, Fiber and Integrated Op-

tics. 29 (2010)1-9. 

[13] H. El-Khozondar, M. Müller, R. El-Khozondar, A. 

Koch, Polarization rotation in twisted polarization 

maintaining fibers using a fixed reference frame, Jour-

nal of Light Wave Technology. 27(2009) 5590-5596. 

[14] M. Müller, T. Buck, H. El-Khozondar, A. Koch, Shear 

strain influence on fiber Bragg grating measurement 

systems, Journal of Light Wave Technology. 27(2009) 

5223-5229. 

[15] M. Müller, H. El-Khozondar, T. Buck, and A. Koch, 

Analytical solution of four-Mode coupling in shear 

strain load fiber-bragg-grating sensors, Optics Letters. 

34 (2009) 2622-2624. 

[16] J. Zhang, M. Cheng, Z. Chen, X. Fu, Pitch Angle Con-

trol for Variable Speed Wind Turbines, DRPT2008, 6-

9 April, Nanjing, China, 2008, pp. 1-6. 

[17] A. Rolán, An Approach to the Performance-Oriented 

Model of Variable-Speed Wind Turbines, 978-1-4244-

6392-3IEEE, 2010, pp 3853-3858. 

[18] D. Siddiqi, Active Load Reduction of Wind Energy 

Converters using Individual Pitch Control, Master The-

sis, Technical University, Munich, September 2011. 

[19] Hermann-Josef Wagner, Jyotirmay Mathur, Introduc-

tion to wind Energy Systems: Basics, Technology and 

Operation, Springer-Verlag, Berlin, 2009. 
 

Hala J. El-Khozondar was born in Gaza, Palestinian Territory. 

She got her B.Sc. in Physics from BirZeit University, Palestinian 

Territory in 1987.   She earned her Ph.D. in physics from New 

Mexico State University (NMSU), USA in 1999. She joined the 

physics faculty at BirZeit University in 1987.  She had a Postdoc 

award at Max Planck Institute in Heidelberg, Germany in 1999.  In 

2000, she worked as assistant professor in the electrical engineer-

ing (EE) department at Islamic University of Gaza. In 2007, she 

was promoted to associate professor EE department. She is now a 

full professor at EE department and a fellow for the world academy 

of science (FTWAS) and for the Arab region FTWAS-ARO. She 

worked in initiating and developing the quality assurance unit and 

the external relations at Islamic University of Gaza. She advises 

several graduate and undergraduate students.  She participated in 

several conferences and workshops. Her research interests are 

focused on studying Wireless communication, optical communica-

tion, nonlinear optics, optical fiber sensors, magneto-optical isola-

tors, optical filter, MTMs devices, biophysics, electro-optical 

waveguides, and numerical simulation of microstructural evolution 

of polycrystalline materials. She has several publications in highly 

ranked journals including Journal of Light Wave Technology, 

IEEE Journal of Quantum Electronics and Optics Letter. She is a 

recipient of international awards and recognitions, including a 

Fulbright Scholarship, DAAD short study visit, a Alexander von 

Humboldt-Stiftung Scholarship, Erasmus Mundus, and the Islamic 

University Deanery Prize for applied sciences. She is also coordi-

nator for several projects including TEMPUS for promoting long 

life education, and Al-maqdisi to enhance collaboration with 

French partners. 

 

Amani Salem Abu reyala was born in Gaza. She got her B.Sc and 

M.Sc degree in electrical engineering from Islamic Univeristy of 

Gaza. She worked as a teaching assistant after she earned her B. Sc. 

at the electrical engineering department in Islamic Univeristy of 

Gaza. She is currently instructor at Palestine University. 

Mathias S. Müller was born in Germany in 1980. He received B.Sc. 

degree in electrical engineering and information technology from 

the Technical University of Munich (TU Munich), Munich, Ger-

many, in 2006. After finishing his Ph.D. thesis in 2010  in the field 

of fiber optic sensors, he has started his research on optomechanical 

interactions in fiber Bragg grating sensors at the Institute for Meas-

urement Systems and Sensor Technology, TU Munich, in the same 

year. 

 


