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1.  Introduction 
 
This chapter deals with some basic principles of wind energy conversion. Focus is on 
wind modeling, the aerodynamic process, concept choices for power control and safety, 
optimization of annual energy yield, and some characteristics of blade dynamics. 
For a detailed treatment of the material, Ref. 1 is a recommended textbook.  
 
2.  Wind modeling 

2.1 Structure of the atmospheric boundary layer 
Wind is moving air caused by pressure differences in the atmosphere, initiated by 
temperature differences. At large heights (~1000 m) the wind is not perpendicular to the 
isobars but parallel to it due to the Coriolis force (perpendicular to the wind direction, 
caused by the rotation of the earth). This wind is denoted the geostrophic wind. 
G :  pressure gradient force Ug :  geostrophic wind 
C :  Coriolis force   U :  wind at the ground 
W :  drag force (friction) 

Fig. 1: Isobars and direction of velocity in case of balance of all forces 
 
At lower heights friction will lead to wind shear: a reduction of the wind magnitude 
(especially in the so-called surface layer, 0 to 60 or 100 m above ground level) and a 
change in the wind direction (especially above the surface layer: the Ekman layer).  
 
There are two causes of the friction: 
a) Thermic. The friction depends on the stability of the atmosphere: stable (above a 

cold surface), neutral or unstable (above a hot surface; the warm air will rise and 
lead to mixing of air layers with different velocities) 

b) Mechanic. The friction is a function of the terrain roughness, characterised by the 
roughness length z0. 
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Fig. 2: The Ekman layer  Fig. 3: The wind shear due to roughness z0 

 
For not too low wind speeds (above 5 m/s) the atmosphere may be treated as neutral, 
and the following equation is valid for the (mean) wind speed at some height with 
respect to the wind speed at a reference height (e.g. a measured wind speed): 
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This expression can be used to calculate the wind speed at hub height from wind speed 
observations or models where the wind speed is given at a standard height of 10 m. The 
most simple relationship to describe the wind profile (i.e. the horizontal wind speed U 
as function of height h) is a power law: 
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This is a non-physical expression, used in some standards, which gives reasonable 
results for the correct value of α (usually in the order of 0.1 for onshore applications). 

2.2  Estimation of the mean wind speed 
at a given location 
It is not possible to determine a map of the 
mean wind speeds due to the large local 
variations of the roughness length. To 
overcome this problem a so-called potential 
wind speed has been defined: this is the wind 
speed at a standard height of 10 m which 
would exist in case the local roughness length 
would be equal to the standard value of 0.03 
m. The KNMI has processed such a map for 
the Netherlands based on several years of 
wind measurements (ref. 2). Similar maps 
exist for other countries (ref.3). The mean 
wind speed at a given location with known 
roughness length zo follows from fig. 4 
combined with equation {1} or [2]. Fig. 4: potential windspeed in the 

Netherlands 
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2.3 Wind statistics 
Wind is extremely variable: it fluctuates continuously in speed and direction. This 
variability extends over an enormous range of time scales. This variability results from 
the many different physical phenomena which influence the wind; each has its own 
characteristic effects and occurs over a characteristic range of time (and length) scales. 
The figure shows a (fictional, similar to Van der Hoven) power spectrum of wind speed 
variations (showing the contribution of different time scales to the total variability).  

On the  scale “second to minutes” : 
stationary turbulence, caused by friction 
of the wind with the surface, by wakes 
of obstacles, by thermal instability 
(warm air rises);  non stationary 
“turbulence” related to cold fronts, hail 
storms etc. On the scale of “ hours to 
days”: passing of the above mentioned  
non stationary phenomena; thermally 
driven daily circulations as sea breezes, 
mountain slope winds. On the scale of 
“days to weeks”: changes due to 
development and passing of large scale 
weather systems. On the scale of weeks 

to months”: seasonal differences, related to regional and global temperature differences; 
On the scale of “years to years”: year to year differences caused by cyclic solar activity, 
“El Nino” type of phenomena, long term trends eg. global warming !). 
The picture shows that time scales between “many minutes”and “a few hours” 
contribute much less to the overall variability than smaller and especially larger time 
scales. This means that if one compares an one hour average with the next one hour 
average, these values are likely to be more similar than comparing two successive week 
averages or second averages. The low variability around these middle time scales is 
called the spectral gap. The very existence of the spectral gap makes it possible to split 
the analysis of wind into two main parts A and B, where A is the variability due to 
“turbulence” and where B  is the variability due to “climatology”. It has turned out to be 
convenient to separate these two parts by using a 10 minute average  (or up to 1 hour, 
this choice is not very critical). 
The frequency distribution of the mean wind speed exhibits an important characteristic: 
it can be assumed to be distributed according to the cumulative Weibull distribution 
function which is determined by two parameters only: 

 
kaUeUF )/(1)( −−=  [3] 

Here F is the probability of a wind speed smaller than U, a is the Weibull scale factor 
and k is the Weibull form or shape factor. 

Another, maybe more familiar form is the following: 
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Here f is the continuous probability density function of wind speed U, see figure 6. The 
Weibull parameters a and k can be calculated by a fit matching the observed data 
(measured or hindcast). This can be done for each of the twelve wind direction sectors  
 

Variability of the wind in time

year             month              day           hour        minute     second

daily patterns (often thermal driven):
• sea breeze
• mountain slope winds

turbulence, related to 
• terrain, obstacles
• storm fronts (gusts)

large scale weather systems
• high/low pressure systems
• seasonal variations time scal

contribution to wind speed
variability

“spectral gap”

space100-1000 km < 1 km

Fig. 5: time scale of wind speed variations 
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(of 30 degrees each), see figure 7. The parameter a is proportional to the mean wind 
speed with a given k.  
 
By straightforward combination of the Weibull distribution and the power curve of the 
wind turbine (power as function of the wind speed at hub height; both averaged over 
10-min) the annual energy yield can be determined, see chapter 4. 

 
 
 
 

 
 
 
  

 

2.4 Turbulence 
Variation of the wind speed within a period of 10-min is called turbulence (the part of 
fig. 5 at the right of the spectral gap). 
These fluctuations have a Gaussian 
(normal: ‘bell-shaped’) distribution. The 
ratio between the standard deviation and 
the 10-min. mean wind speed is called 
turbulence intensity. Turbulence does not 
effect the energy yield but it is vital for the 
dynamic wind turbine loading.  
The characteristic time scales of 
turbulence varies between a second to 
minutes; the corresponding length scales 
range from a meter to hundreds of meters. 
The spatial variation of turbulence is ‘felt’ 
by a rotating wind turbine blade as 
temporal ones; this phenomenon is 
denoted rotational sampling, see figure 9. The 
frequency of the turbulence as seen by a 
stationary observer (indicated in fig. 9 by the 
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Fig. 8: Visualisation of turbulence 

Fig.6: Examples of Weibull distributions

Fig. 7: from time series to pdf. 
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size of the turbulence area) will increase when seen by a co-rotating observer. The 
blades slice the turbulent spots with a frequency determined by the rotational speed and 
the number of blades. It results in a dynamic wind loading with main frequencies equal 
to the rotor frequency (so-called ‘1P’) and its multiples (2P, 3P, …nP). Apart from 
turbulence the following wind loads result in periodic wind loads which may lead to 
fatigue: wind shear, yawed flow and tower shadow. Note: also gravity acts as a periodic 
load (in the so-called lead-lag direction: parallel to the rotor plane). 

 
Nowadays, it is common practice to generate 3D stochastic wind fields, for several 
mean wind speeds, to account for turbulence in the simulation of wind turbines. For 
such a simulation, the parameters describing the turbulence spectrum should be known 
as well as the turbulence intensity.  
The number of occurrences of each mean wind speed during the design lifetime of the 
wind turbine follows from the Weibull distribution. 
 

2.5 Extreme wind speeds 
The KNMI has also compiled a map of extreme 
wind speeds (10-min. or 1 hour mean values). 
Usually a return period of 50 years is applied; i.e. 
the extreme wind speeds occur on average once in 
50 years. 
For the determination of the extreme wind loads, 
the turbulence on top of the extreme wind speeds 
must be taken into account. For this purpose, 
standards specify deterministic wind gust shapes. 
Ongoing research aims at a more precise, stochastic 
description of gusts. 
 
 
 
 
 
 

Fig. 10: map of extreme wind speeds 

Rotational sampling of turbulence

eddies rotor

Fig. 9: rotational sampling 
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3.  Principles of aerodynamic theory  
 
All current design codes for wind turbine rotors are based on the Blade Element 
Momentum theory (BEM). This theory is of an elegant simplicity, with modest 
calculation requirements, and reasonably successful in predicting performance and 
loads. However, it is not able to predict all flow conditions with sufficient accuracy. 
Due to its simplicity, BEM is easily extended by engineering rules to cover these 
deficiencies. Engineering rules are still being developed, since old problems are still 
unsolved, and new aerodynamic problems occur with the increasing size of wind 
turbines. Both BEM as well as some engineering rules are discussed. 
 
One way of classifying the types of flow encountered in rotor-aerodynamics is based on 
the spatial and time scales involved. Other classifications are possible, but this one is of 
use in understanding the ‘engineering’ solutions to the problems. Two families of scales 
can be distinguished: 

• spatial scale: the rotor diameter D; time scale D/Uw, a few seconds (global flow 
field); This is the domain of the momentum balances incorporated in BEM. 

• spatial scale: the blade chord c; time scale: c/Ωr a few hundreds of a second 
(blade flow field). This is the domain of the blade element aerodynamics. 

The flow fields are linked in the sense that the global flow field is determined by the 
rotor forces (determined by the blade flow field). In turn, this blade flow field, or the 
blade inflow velocity is determined by the global induction (velocity change due to the 
global pressure field). In the global flow field the rotor is modeled as an internal 
pressure-jump boundary condition. In the blade flow field real aerofoil data are used to 
calculate the aerodynamic forces.  
 

3.1  Blade Element Momentum theory 
BEM theory consists of  a mix of conservation laws. Figure 11 shows a control volume 
in the flow with length U∆t, and cross-section A. With ρ the density, the mass in the 
control volume is ρU∆tA, so the mass flow passing through A per second is:  
 
 

mass flow                      m = ρUA  [5a] 
 
similarly, the momentum and energy per second are: 
 

momentum flow         mU = ρU2A  [5b] 
energy flow            ½mU2 = ½ρU3A  [5c] 

 
The momentum and energy are affected by the action of 
the rotor force D, acted upon the flow. The simplest 
representation of the rotor is the actuator disc, see figure 
12.  
 
The rotor force (thrust) D is represented by a uniform 
pressure jump ∆p, where   

 
ADp /=∆           [6] 

Fig.11: definition of mass flow 
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With the control volume given in figure 12, the momentum and energy balances read: 
 
 ( )eVUAVD −= 1ρ           [7] 
 ( )2

2
12

2
1

1 eVUAVP −= ρ          [8] 
 
in which P is the power, the work done per second. The force D acting on a flow with 
velocity V produces:  
      
 1DVP =            [9] 
 
Combining [7,8,9] yields the well-known result that the velocity at the disc is the 
average of the velocities up- and downstream. 
 
 ( )eVUV += 2

1
1          [10] 

 
Now the induction factor is introduced, to make the velocities non-dimensionless: 
 

( )
U

VU
a 1−

=           [11] 

 
so a expresses the relative change of 
the velocity at the disc. Substitution in 
the previous equations provides: 
 

( )aaAUD −= 142
2
1 ρ         [12] 

 
( )23

2
1 14 aaAUP −= ρ         [13] 

 
The thrust or drag D and power D are 
made dimensionless by division by 
½ρU2A and ½ρU3A respectively, 
leading to the thrust- en power 

coefficients:  
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Differentiating to the induction factor a yields the maximum efficiency: 
 

 
3
159.0

27
16

max
=≈= aforC p       [16] 

 
This result is named after Betz (Ref. 4), although it is known (afterwards) that 
Lanchester was the first to formulate this (Ref. 5). The maximum thrust coefficient is 

Fig. 12: actuator disc flow 
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1.0, for a = ½.. Physically, the occurrence of a maximum is easy to explain: a very large 
rotor force decelerates the flow too much, by which the mass flow through the rotor 
disc is small. A small rotor force affects the mass flow only little, but does not extract 
energy from the flow.  
 
Glauert (Ref. 6) made this actuator disc theory applicable for real calculations, by 
applying it to flow annuli, instead of the entire flow tube. Figure 13 shows such an 
annulus. The parts of the rotor blades inside the annulus are called the blade-elements. 
Glauert imposed the assumption that the flow and forces in each annulus is independent 
of the other annuli. Although this assumption is proved to be wrong, it works very well. 

The mutual interaction between the 
annuli is only noticeable near the tip 
and blade roots, where large gradients 
of the blade loading occur.  
More assumptions are involved: in 
each annulus the velocity is uniform, 
and the force exerted by the blade 
elements is thought to be distributed 
uniform with respect to the azimuth. 
Given these assumptions, all actuator 
disc results can be applied within the 
annuli.  

The final step in the BEM theory is to formulate how the blade-element force D is 
generated. Figure 14 shows a cross-section through a blade at radius r, seen from a co-
rotating observer at the blade tip, looking towards the rotor center. The blade moves to 
the left, the wind comes from below. The aerofoil experiences a resultant velocity Vres, 

resulting from the vector addition of the rotational speed Ωr and the local wind speed 
U(1-a).  
The difference α between 
the chordline of the aerofoil 
and the velocity vector 
determines the 
aerodynamic force R for a 
given aerofoil. This force is 
conveniently decomposed 
in a lift vector, 
perpendicular to Vres and 
the drag vector, parallel to 
Vres.  The angle of attack α 
can be controlled by 
changing the rotor speed Ω 
and adjusting the pitch 
angle of the blade θ. It 
changes, uncontrolled, by 
variations in the wind speed U. Ω, θ and U are independent parameters, whereas a, the 
induction parameter, is the dependent parameter that links the global momentum 
analyses to the blade element analysis. The lift and drag on the element are a function 
of this induction a, which in turn is a function of the total axial force in the annulus. The 
contribution to the torque of the rotor is Lsinϕ-Dcosϕ. 
The calculation procedure is iterative: start with an assumed induction factor, calculate 
the aerodynamic forces on the blade elements, sum the blade elements in the annulus, 

Figure 13: The annulus as control volume for Blade 
Element Momentum analysis 

 
Figure 14: velocities, angles and forces on a blade 
element  

φ = angle of inflow 
θ = blade twist angle 
α = angle of attack 
 
L =  lift ⊥  Vres 
D = drag // Vres 

Ωr  = radial velocity 
U(1-a) = local wind speed 
Vres = resultant speed 
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derive a new induction factor in the annulus from the total force, and so on, until 
convergence is reached. Wilson and Lissaman (Ref. 7) made Glauerts theory applicable 
for modern computational approaches. 
 
For the designer, the independent variables Ω, θ, U, the aerofoil characteristics L(α) 

and D(α), and the number of blades  are 
available for design-optimization. Ω and U 
are linked by the tip speed ratio, defined by: 
 

           [17] 
 
According to [11] the power coefficient Cp 
for a disc is a function of the induction a 
alone. From figure 14 it is clear that, for a 
given aerofoil, the induction depends on λ 
and θ, by which the power (coefficient) 
becomes: 
 

( )θλ ,pp CC =       [18] 

           23
2
1),( RUCP p πρθλ=  

 
Figure 15 shows an example of such a Cp(λ) curve for a given pitch angle. The 
maximum is below the theoretical maximum of 0.59, due to several losses. The drag of 
the aerofoil is a major contributor to these losses, but also losses due to the finite 
number of blades (the non-uniformity in azimuthal direction), and the rotation of the 
wake. 
 

3.2  Aerofoil characteristics 
One of the most important design choices concerns the aerofoil characteristics: the 
relation between lift & drag and the angle of attack. Figure 14 shows the vector diagram 
of a blade element, in which this angle of attack is defined. Aerofoil characteristics are 
measured in wind tunnels, under two-dimensional conditions (no flow in spanwise 
direction). Lift and drag are made dimensionless according to: 
 
      [19] 
 
 
 
where c is the chord length. Figure 16 shows 2-D data from a typical wind turbine 
aerofoil. There is linear relation between Cl and α between (approximately) –10 and 
+10 degrees, where at the same time the drag coefficient Cd is minimal. This is the flow 
region in which the streamlines follow the aerofoil contour: attached flow. Above a 
certain limit (in the example of figure 16 α = 12o), the fluid elements cannot flow the 
contour any more, by which separated flow with high turbulence results. When the 
region of separated flow extends to the trailing edge of the aerofoil, this flow is called 
stalled flow. Some loss of lift is typical for stalled flow, and always a steep increase of 
drag. 

U
RΩ=λ

Figure 15: typical Cp(λ) curve for current 
wind turbines 
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The stall behavior is of utmost importance for wind turbines, for several reasons. Figure 
17 shows the vector diagram of figure 14, but with an increased wind speed U. The 
angle of attack is increased, leading to an increased drag. The contribution to the torque 
of the rotor is again Lsinϕ-Dcosϕ, but by the increase of D, the torque and by that the 
rotor power, remains limited. This ‘natural’ load-limiting effect depends on the balance 
between Lsinϕ and Dcosϕ. Due to the inherent unsteady character of stalled flow, both 
terms fluctuate, leading to fluctuations in the power output.   
 

3.3. Unsteady aerodynamic characteristics and damping 
The vector diagrams of figure 14 and 17 are simplifications of the real flow diagrams. 
The wind speed and direction vary continuously, the rotor speed is not very constant 
and the rotor blade moves under the aerodynamical and inertia forces. Rotor blades are 
flexible constructions, and are easily excited by aerodynamic loads. The interaction 
between dynamics and aerodynamics is called aeroelasticity, and is not discussed here. 
In this paragraph only the phenomenon ‘aerodynamic damping’ is introduced. This 
damping is of great importance for the rotor itself, but also for the dynamic behavior of 
the entire offshore wind energy converter. 
Figure 18 shows schematically a blade with a flap angle β (flap is the out-of-rotor-plane 
direction). In static conditions the integrated aerodynamic and centrifugal loads balance 
the internal bending moments in the blade. Under dynamic conditions, due to varying V 
and/or varying β, the blade inertia comes into play. Suppose that the blade can freely 
hinge at the blade root r=0, then the equation of motion is: 

 
       [20] 
 

 
with            [21] 

Figure 16: lift and drag characteristics of a wind turbine aerofoil. 

Figure 17: blade element vectors in stalled 
conditions 

)(2 tMII aero=Ω+ ββ&&
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R
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being the inertia of the blade with respect to the 
blade flapping axis. The aerodynamic moment 
contains a term proportional to the flap speed 
β& . This is clear from figure 19, which is 
equivalent to figure 14, except for the 
occurrence of a component of the relative wind 
speed due to the flapping motion: Vflap = r β& . 
Suppose the blade moves in downwind 
direction due to a gust, then the relative wind 
speed r β&  is added to the real wind speed. As a 
consequence, the angle of attack decreases, 
leading to a change in lift and drag, and 
consequently, in the aerodynamic flapping 
moment. This speed-related term is called the 
damping: 

 
          [22] 
 

 
Damping is positive when it works against the excitation. For attached flow this is the 
case. Consider figure 16 and suppose the lift coefficient is in the linear part of the curve 
(the part with attached flow). An increase in wind speed initially increases the flap 
angle β, which gives, in the coordinate system attached to the aerofoil, the velocity 
component r β&  as shown in figure 19. This component decreases the angle of attack α, 
consequently also the lift, so the flap motion is decelerated. For stalled flows, above α = 
12°, the slope of the curve is negative. A decrease of α increases the lift, and accelerates 
the flapping motion. This is one of the main 
disadvantages of stalled flow: lack of, or even 
negative, damping.  
In reality the interaction between blade 
dynamics and changes in wind speed is much 
more complicated. Stalled flow is intrinsically 
an unsteady process, and very sensitive to 
changes in angle of attack and to details of the 
geometry of the aerofoil. The prediction of 
unsteady aerofoil characteristics in stalled flow 
is one of the most difficult problems in rotor 
aerodynamics. 
 
The above reasoning also holds for dynamic movements of the entire rotor instead of 
the flapping movement of one blade. Movements of the rotor in fore-aft direction yields 
similar vector diagrams as in figure 19, with r β&  replaced by the rotor fore-aft velocity , 
due to excitation of the support structure. A rotor with attached flow acts as a damping 
device for dynamic movements of the support structure. This is very important, not only 
for stability reasons, but in particular for minimizing the fatigue loads in the support 
structure, due to the hydrodynamic forces.  
 

)()( 2 tMIdampingI aero=Ω++ βββ &&&

Figure 18: blade dynamics:due to the 
flapping motion β& , a relative wind 

speed  r β&  is added to V  

Figure 19: the effect of flapping 
motion on the angle of attack. 

Vflap =  
r β& . 

U(1-a) 
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4.  P-V curve and Power Control 

4.1 The limitation of excess power in high wind speeds  
According to [15], the power increases with the cube of the wind speed when the power 
coefficient is constant. This is possible by keeping the turbine running at constant tip 
speed ratio λ (the rotational speed is proportional to the wind speed). Many turbines 
operate at constant speed, by which 
Cp ≤ Cp,max. Figure 20 shows the 
typical P-V curves. 
Both concepts, constant λ or 
constant Ω, require a mechanism for 
power limitation for high wind 
speeds. The wind speed at which the 
rated generator power is achieved, is 
called the rated wind speed. Power 
control above Vrated is one of the 
most important design choices, and 
determines the concept of the 
turbine. The three options are:  

• Constant Ω turbines with 
stall control 

• Constant Ω turbines with assisted stall control: the stall level can be adjusted by 
pitch changes 

• Constant λ (so variable Ω) with pitch-to-feather control 
In theory other combinations are also possible: constant λ with stall, or constant Ω with 
pitch-to-feather control. For various reasons these concepts are not successful, and will 
not be discussed here. The phenomenon of stall is explained in section 3.2. Figure 21 
illustrates the effect of stall and pitch-to-feather.  
 

 
Constant Ω turbines with stall control (figure 21a):  
Since the rotational speed and the pitch angle θ is fixed, an increase of wind speed 
increases the angle of attack α (see figures 14 and 17), by which the operating point 
(OP) in the lift and drag graphs shifts to the right: the lift remains approximately at the 

 

rated windspeed is 

Figure 20: Typical P-V curves for constant Ω 
and constant λ turbines. 

a: stall                                      b: assisted stall                                  c: pitch to feather. 
Figure 21: several possibilities to limit the power in high wind speeds.  
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same level, the drag 
increases sharply, by 
which the power is 
limited. As explained 
in section 3, the 
power level depends 
on the balance 
between the lift- and 
drag-component 
contributing to 
 the torque of the 
rotor. Both 
components fluctuate 
continuously, by 
which the resultant 
power also fluctuates. 
Furthermore the associated blade bending moments are high. The simplicity of the 
system explains why this concept has been used with great success in almost all Danish 
turbines. 
 
Constant speed with assisted stall (figure 21b): 
The physical mechanism is identical, but the level of the stall can be tuned by changing 
the pitch angle θ. For increasing wind speed the pitch angle is adjusted in the direction 
of stall. This is not a continuous process: θ is changed as a function of the average wind 
speed, based on some time interval which is at least 10 minutes. The resultant power 
curve is composed out of (parts of) the power curves for several pitch angles. 
 
Constant λ (so variable Ω) with pitch-to-feather control (figure 21c): 
Pitch control in the direction of zero-lift (feather) diminishes the lift for increasing wind 
speed: the operating point at the lift curve shifts to the left. The drag remains low, and is 
not plotted in the figure. Again the power curve is a cross section through several power 
curves for constant pitch angle. 
 

4.2  Power and load control under rated wind speed 
This is only possible for turbines with pitch control to feather. It is usually combined 
with variable speed. Variable speed alone is enough to keep the turbine working at 
optimum efficiency Cp-max  by adjusting the rotational speed to the wind speed. For load 
control the combination of variable speed and pitch control offers the best 
opportunities. Pitch control alone is not fast enough: the time scale of turbulence is 
often different from the pitch rate of the blades. Then the pitch change can be out-of-
phase with the changes in wind speed, causing an amplification of the disturbance. 
Combined with variable speed, the rotor inertia takes care of the fast changes: the 
kinetic energy of a gust is stored temporarily in the acceleration of the rotor and drive 
train. During this acceleration, the pitch angle is adjusted, by which a new equilibrium 
between wind speed and rotational speed is set. By changing Ω and θ continuously, a 
very smooth power and load control is possible. The control of Ω is done through the 
power electronics required for the variable speed operation. Figure 22 shows a 
schematic lay-out of such a control system. The input parameters for the control are V, 
Ω, design P-V curve, DC power, the output parameters are θ, generator field strength, 
inverter fire angle. By fine-tuning of the power electronic parameters, also high 

Figure 22: Schematic of a variable speed control system.  
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requirements on power quality can be met: reactive power, voltage and frequency 
variations, harmonic fluctuations can be adjusted to the requirements of the grid 
operator. A detailed description of the control possibilities is outside the scope of this 
chapter.  
 
 

4.3  Safety systems 
Each wind turbine is equipped with a safety system of two levels. The safety system is 
allowed to overrule the control system, not vice-versa. The safety has evoluated from 
two distinctly different systems (e.g. an aerodynamical brake and a mechanical brake) 
to a more integrated and sophisticated approach. Most MW turbines have adopted the 
following system: 

• Control: collective pitch adjustment, either for assisted stall control or for pitch-
to-feather control. 

• First safety level: collective pitch change at a high angular velocity, either to 
stall or to zero lift. 

• Second safety level: individual pitch change at a high angular velocity, either to 
stall or to zero lift.  

This second level requires that each blade have an independent pitch control 
mechanism, with independent energy backup. In practice this implies a control 
computer, energy supply and pitch actuator for each blade. One of the (usually 3) blades 
is allowed to fail: the remaining blades should be able to bring the rotor in a safe 
position when necessary.  

4.4  Concept comparison 
In brief:  

• Constant speed, stall control has the advantage of simplicity, and by that, 
relatively low turbine costs. The power control possibilities are limited (only 
possible by assisted stall) and the associated loads are high. This is the concept 
with which the Danish manufacturers established their world-wide dominancy 
on the market. 

• Variable speed, pitch control offers good control possibilities, including peak 
shaving of rotor and drive train loads. The electric conversion system is much 
more complex, since the variable frequency of the generator has to be converted 
to the grid frequency. The power electronic components are expensive, although 
prices are coming down. Most manufacturers of MW turbines have switched to 
this concept, mainly because of the better control possibilities.  

 
 

5.  Energy production 
 
Each calculation of the yearly energy production requires knowledge of the statistics of 
the wind speed, see section 2.3. Here it is assumed that the frequency distribution f(V) 
of the wind speed is known. When also the power curve of the turbine is known, the 
yearly energy production E is calculated according: 
 
               [23] 
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where T is the number of hours in a year, and Vci , Vco are the cut-in and cut-out wind 
speed respectively.  
The graphical representation of [23] is shown in figure 23. The parameters available for 
maximalisation of E(V) for a turbine with a given rated power are: 

• The type of power curve, preferably constant λ, maximal Cp below rated wind 
speed, 

• The values of Vci and Vco, 
• The value of Vrated. 

 
To illustrate the impact of these parameters, the following train of thought is set up. 
Suppose that it is possible to construct a turbine that has no upper limit on the generator 
power, and no cut-in or cut-out wind speed. Then all energy in the wind could be 
extracted, limited only by the efficiency of the rotor and the drive train. When the 
Weibull wind distribution parameter k is taken to be 2 (the value for most north-west 
European cost lines), it can be calculated that the energy yield is:  
 
             [24] 
 
This describes the maximal output in a Weibull k=2 wind climate. In reality, the factor 
e=1.92 is less, due to the choices of Vci , Vco,and Vrated. In figure 14 this is shown 
graphically.  
The upper curve shows the energy content in the wind: f(V)V3 . Due to the efficiency of 
the rotor (0.45) and of the drive train (assumed 0.93) the energy content extracted by 
the ideal, imaginary turbine is about 60% lower. The content of this curve is given by 
the factor e = 1.92. Now real values for cut-in, and cut-out and rated wind speed are 

= =x 

P(V)    f(V)     E(V) 
 

Figure 23: Graphical presentation of the distribution of the energy production distribution 
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Figure 24: the distribution of the energy content in the flow, and the distribution of the extracted 
energy. Horizontal axis: x = V/Vaverage Vertical axis: normalized energy content. 
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introduced. The choice of rated wind speed, above which the generator power is kept 
constant, introduces significant losses. The cut-in and cut-out wind speed are 
responsible for more, but less severe, losses. Finally, some additional losses are 
displayed (very exaggerated!) for a constant speed turbine that operates with Cp ≤ Cp,max 
below Vrated and a sub-optimal power control above Vrated.  
For current variable speed turbines the value of e is about 1.35, instead of 1.92. 
Approximately 1/3rd of the energy available in the wind cannot be extracted due to 
limitations on generator power and the necessity to limit the loads on the construction 
that are associated to the unlimited power extraction. The choices for Vrated and Vcut-out 
have the highest impact on the energy production.  
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