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Abstract 
 
The rotational speed of a wind turbine is limited by the noise constraint of the blade tip speed. The larger the rotor diameter is, the 

smaller the rotor speed becomes. Therefore, there exists a transition region connecting the max-Cp operation with the power regulation 
operation. A conventional pitch schedule in this region involves using a fixed pitch. However, if the variable pitch instead of the fixed 
one is allowed, more electric power can be extracted from the wind. The benefit of using this strategy is analyzed from the point of how 
much the electric energy can be gained by applying the variable pitch schedule in this transition region.  
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1. Introduction 

A wind turbine is an energy conversion machine that has to 
be designed to have the maximum efficiency in converting 
wind power to electric power. There are other design criteria 
for a wind turbine control system in addition to the machine 
efficiency. Because the wind turbine should operate for more 
than 20 years, the control system has to manage the mechani-
cal loads of the machine structure such as the blades, the gear-
box, and the tower below the certain level of magnitudes in 
order to prevent fatigue failures of the mechanical components 
of the machine. The other point is the noise constraint coming 
from the blade tips. It is known that the blade tip speed should 
be maintained below around 75 m/s to meet the noise level 
requirement of the on-shore wind turbine [1].  

The modern control system for multi-MW wind turbines is 
designed based on the variable-speed and variable-pitch 
(VSVP) control concept [2-5]. Depending on the wind speed, 
the operational regimes of the wind turbine are divided into 
three regions. In the low wind speed region, the wind turbine 
is operated so as to extract the maximum energy from the 
wind. This region is called as the max-Cp region, where the 
rotor speed is varied with the wind speed by controlling the 
generator reaction torque. In this region, the blade pitch is 
fixed at a certain angle to hold the max-Cp operation. A wind 

turbine is designed to produce the rated electric power for the 
wind speed region higher than the rated wind speed. The elec-
tric power of the machine is regulated to the rated in this wind 
speed region by the variable pitch control. In this wind speed 
region, called the power regulation region, the mitigation of 
the mechanical loads of the wind turbine is more important 
than the efficiency of the wind energy capture. The wind 
speed region between those two operational regions is the 
transition region, on which this paper is focusing.  

The tip speed of the rotor should be maintained below 
around 75 m/s because of the blade tip noise. Therefore, there 
should be some upper bound in the rotor speed to meet this 
requirement. The pitch in this condition is usually fixed at the 
same pitch angle as the one used for the max-Cp operation. A 
fixed rotor speed and the fixed pitch control is the conven-
tional control strategy in the transition region. The efficiency 
of the wind power capture can be increased if variable pitch 
control is applied instead of fixed pitch. This paper proposes a 
variable pitch schedule in the transition region which claims 
that more wind energy harvesting is possible. The usefulness 
of this control strategy is investigated by calculating and com-
paring the annual energy product (AEP) at different wind 
conditions with the AEP for the wind turbine using the con-
ventional fixed pitch control.   

 
2. Control strategy of wind turbine 

The mechanical power of an air mass which has a flow rate 
of dm/dt with a constant speed of v is given by 
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where ρ is the air density and A is the cross-sectional area of 
the air mass. Only a portion of the wind power given by Eq. 
(1) is converted to electric power by a wind turbine. The effi-
ciency of the power conversion depends on the aerodynamic 
design and operational strategy of the wind turbine. Usually, 
the power generated by the wind turbine is represented by 
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              (2) 

 
where Cp represents the efficiency of wind power conversion 
and is called the power coefficient. R in the above equation is 
the rotor radius. The ideal maximum value of Cp is 16/27= 
0.593, which is known as the Betz limit [6]. As shown in Fig. 
1, the power coefficient, Cp is a function of pitch angle β and 
tip speed ratio λ which is defined as   

 
rR
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where Ωr is the rotor speed of the wind turbine. The curve 
with dots shows the variation of Cp with λ for a fixed pitch 
angle of β0. As the pitch angle is away from β0, the value of 
Cp becomes smaller. Therefore, Cp has the maximum with the 
condition of λ=λ0 and β =β0. For a wind turbine to extract the 
maximum energy from the wind, the wind turbine should be 
operated with the max-Cp condition. That is, the wind turbine 
should be controlled to maintain the fixed tip speed ratio of λ 
=λ0 with the fixed pitch of β =β0 in spite of varying wind 
speed. Referring to Eq. (2), there ought to be a proportional 
relationship between the wind speed v and the rotor speed Ωr 
to keep the tip speed ratio at constant value of λ0.  

Fig. 2 represents a power curve which consists of three op-
erational regions. Region I is max-Cp, Region II is a transition, 
and Region III is a power regulation region.  

•  Region I: The wind turbine is operated in max-Cp. The 
blade pitch angle is fixed at β0 and the rotor speed is var-
ied so as to maintain the tip speed ratio constant (λ0). 
Therefore, the rotor speed changes proportional to the 
wind speed by controlling the generator reaction torque. 
In the max-Cp region, only the generator torque control is 
active, while the blade pitch is fixed at β0. 

•  Region II: This is a transition region between the other two 
regions, that is, the max-Cp (Region I) and power regula-
tion region (Region III). Several requirements, such as a 
smooth transition between the two regions, a blade-tip 
noise limit, minimal output power fluctuations, etc., are im-
portant issues in defining control strategies for this region.  

•  Region III: This is the above rated wind speed region, 
where wind turbine power is regulated at the rated power. 
Therefore, the rotor speed and the generator reaction 
torque are maintained at their rated values. In this region, 
the value of Cp has to be controlled so as to be inversely 
proportional to v3 to regulate the output power to the rated 
value. This is easily checked by noting Eq. (2). In this 
power regulation region, the blade pitch control plays a 
major role.  

 
3. Steady state analysis  

3.1 Drive train model and torque scheduling of wind turbine 

A wind turbine is a complicated mechanical structure which 
consists of rotating blades, shafts, gearbox, electric machine, i.e., 
generator, and tower. Sophisticated design codes are necessary 
for predicting a wind turbine’s performance and structural re-
sponses in a turbulent wind field. However, the simple drive 
train model of Fig. 3 is sufficient for the control system design 
[7, 8]. The parameters referred to in Fig. 3 are summarized in 
Table 1. The aerodynamic torque developed by the rotor blades 
can be obtained using Eqs. (2) and (3) as follows:  
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Fig. 1. Sample plot of Cp as a function of λ and β. 
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where CQ=Cp/λ is the torque coefficient. The aerodynamic 
torque of Eq. (4) is counteracted by the generator torque. 
Therefore, the governing equations of motion for a WT model 
of Fig. 3 are 
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Fig. 4 shows the relationship between rotor speed (Ωr) and 
torque on a high speed shaft ((Ta)HSS). Several mountain-
shaped curves in this figure represent the aerodynamic torque 
on a high speed shaft for different wind speeds and rotor 
speeds at a fixed pitch βo. These curves are easily calculated 
using Eq. (4) and power coefficient data similar to the one of 
Fig. 1 for any specific wind turbine. On this plot, the max-Cp 
operational condition is shown as a dashed line, which satis-
fies the quadratic relation:   
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In the below rated wind speed region, a wind turbine is to 

be operated with the max-Cp condition to extract maximum 

energy from the wind. This means that the wind turbine 
should be operated at the point B for a steady wind speed vB, 
the point C for a wind speed vC, and so on in Fig. 4. For steady 
state operation, the aerodynamic torque of Eq. (6) should be 
counteracted by the generator reaction torque plus the me-
chanical losses from viscous friction, i.e., BrΩr /N and BgΩg . 
Considering only the maximum energy capture, a generator 
torque schedule of A-B-C-D-E-F’ is the optimal. However, 
the rated rotor speed might not be allowed to be as large as ΩF’ 
because of the noise problem. If the tip speed (RΩr) of a rotor 
is over around 75 m/s, then noise from the rotor blades could 
be critical for on-shore operation. Therefore, as the size of a 
wind turbine becomes larger, the rated rotor speed becomes 
smaller. Because of this constraint, the toque schedule for 
most multi-MW wind turbines has the shape of either A-B-C-
D-E-F or A-B-C-D’-F.  

 
3.2 Steady state analysis 

Not considering the noise constraint explained in the former 
section, the rotor speed at the rated power (Prated) could be 
increased to the value 
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where λ0 and CPMAX represent the tip speed ratio and the power 
coefficient at the max-Cp condition. Fig. 5 shows the steady 
state operational status of a wind turbine for each wind speed. 
The solid lines marked with ‘◇’ in this figure represent the 
steady state conditions when the noise constraint is applied 
while the dashed ones marked with ‘x’ are those when that is 
not. The first plot in this figure shows the relation of the rotor 
speed with the wind speed. The wind turbine would reach the 
rated operation with the rotor speed of 18.98 rpm and the wind 
speed of 11.2 m/s, if there was no noise constraint. However, 
the rated rotor speed should be decreased to 15 rpm and the 
rated wind speed would be 12.3 m/s, if considering the noise 
constraint. The vertical lines in this figure are used to identify 

Table 1. Description of parameters in Fig. 3. 
 

Symbol Description unit 

Jr 
Inertia of three blades, hub and low speed 

shaft Kgm2 

Jg Inertia of generator Kgm2 

Br Damping of low speed shaft Nm/s 

Bg Damping of high speed shaft Nm/s 

ks Torsional stiffness of drive train axis N 

cs Torsional damping of drive train axis Nm/s 

N Gear ratio - 

Tg Generator reaction torque Nm 

Ωg Generator speed r/s 
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Fig. 3. Drive train model. 
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the operational regions for the wind turbine, which is designed 
with the noise constraint. The second one shows the pitch 
schedule for the wind speed. The third and fourth one are the 
generator torque and the electric power in the steady state. 
These data are drawn from a 3 MW wind turbine. As shown in 
the final plot, much more electric power can be extracted from 
the wind if there is no constraint of the tip speed noise. 
The steady state characteristics of Fig. 5 can be calculated 
using Eq. (5). For the steady state operating condition, these 
two equations can be combined and become  

 

3 21 ( , ) 0
2

a r r
g g g

r r
Q g r g

T B B T
N N

BR C v NB T
N N
ρπ λ β

Ω
− − Ω −

Ω
= − − Ω − =

.     (8) 

 
Assuming that the scheduling of the generator torque, i.e., Tg  
in the above equation, is made as shown in Fig. 4 (i.e., A-B-C-
D-E-F), two variables, the rotor speed and the pitch, are the 
only unknowns in the above algebraic equation for a given 
wind speed. As explained in Section 2, either the pitch or the 
rotor speed is fixed depending on the wind speed. Therefore, 
for a certain wind speed, only one variable is the unknown, 
and this can be determined by solving the nonlinear algebraic 
equation of Eq. (8). 

 
3.3 Maximal power extraction in a transition region with the 

tip speed noise constraint 

Assuming that the wind blows gently (without any turbu-
lence) from the cut-in to the cut-out speed in a very gradual 

change rate, the operational status of the wind turbine varies in 
a gentle way too. Fig. 6 shows how the wind turbine behaves 
on a Cp-λ chart for the above wind condition. The curve 
marked with dot represents the locus of the operational status 
of the wind turbine when it is operated with the tip noise con-
straint. The other curve marked with ‘+’ is the locus for the 
case of not considering this constraint. 

First, refer to the solid lines marked with ‘◇’ in Fig. 5, 
which represent variations of the operational status for the 
wind turbine considering the tip noise constraint. Every point 
of the solid lines line marked with ‘◇’ in Fig. 5 is equivalent 
to the locus marked with dots on the Cp-λ chart of Fig. 6. For 
a gradual wind speed change from 3 m/s to 5 m/s, the Cp-λ 
locus starts from the rightmost point (λ = 13) and goes toward 
the Cp-max point at λ = 8.2 along the constant pitch curve of 
2.6 degree. For the wind speed increase up to 9 m/s (the end of 
Region I), the wind turbine stays on the Cp-max point for a 
while. If the wind speed continuously increases to the rated of 
12.3 m/s from 9 m/s, the wind turbine cannot hold the Cp-max 
operation and moves to the left side of the mountain-like Cp-λ 
chart along the same constant pitch line. The Cp descent ends 
at λ = 6. This is the steady behavior of the wind turbine in the 
Region II, which is also called the transition region. For a 
further increase of the wind speed to the cut-out, the wind 
turbine operational state moves down on the Cp-λ chart in 
order to regulate the electric power with the rated. In this re-
gion (Region III), the Cp and λ should have the relation of 
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Fig. 5. Steady state characteristic chart of the rotor speed, pitch, generator torque, and power for a multi-MW wind turbine. The solid lines marked 
with ‘◇’ represent the steady state conditions when the noise constraint is applied while the dashed ones marked with ‘x’ are those when that is not.
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The above relation can be easily drawn from Eqs. (2) and (3) 
with the output power constraint of P=Prated.  

In case of not considering the noise constraint, the wind tur-
bine has only two operation regions: the max-Cp region (Re-
gion I) and the power regulation region (Region III). There-
fore, the wind turbine steady state operation, i.e., the Cp-λ 
locus marked with ‘+’ in Fig. 6, does not have transition be-
havior. The Cp-λ locus drops from the Cp-max condition to 
the lower Cp point along the curve satisfying Eq. (9). 

Closely examining the Cp-λ locus marked with dots of Fig. 
6 in the transition region (i.e., λ in the range of 6~8.2), the 
locus is not located on the maximum-Cp envelope, which 
means that the wind turbine is not optimally operated in the 
sense of the maximal energy extracting strategy from the wind 
in the transition region. If the variable pitch instead of the 
fixed pitch of 2.6 degrees was applied in this region, the 
steady state operational status of the wind turbine would be on 
the maximum-Cp envelope. The variable pitch schedule in the 
transition region can be sought by solving an optimization 
problem with the constraint of Eq. (8) and maximum energy 
extraction. Fig. 7 shows this optimal variable pitch schedule. 
Note how the pitch varies in the transition region (i.e., wind 
speed from 9 m/s to 12.3 m/s) to extract the maximum energy 
from the wind.      

 
4. AEP comparison 

The benefit of the variable pitch schedule in the transition 
region over the conventional method, i.e., the method using a 
fixed pitch schedule, is verified through the AEP (annual en-
ergy product) comparison. The AEP is defined as the total 

wind energy captured by a wind turbine during a year, which 
can be represented as 

 
2

3
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( ) ( )
2 Pyear year

RAEP P t dt C v t dtπ ρ= =∫ ∫ .        (10) 

 
In the calculation of AEP, the above relation is not appropriate, 
because it is virtually impossible to analytically express P(t) or 
Cpρv3(t) as a function of t. Therefore, the AEP can be esti-
mated only through a statistical way. Fig. 8 is the schematic 
diagram explaining the method of calculating AEP. The first 
step of this method is discretizing the wind speed. The full 
span of the wind speed from 3 m/s to 25 m/s is discretized into 
many wind speed bins having the width of 0.5 m/s. Then, the 
AEP can be determined by summing all contributions of each 
wind speed bin (i.e., like the hatched wind speed bin of Fig. 8). 
It is approximately given as [9] 
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where  AEPi = AEP produced by the i-th wind speed bin 

 Pi = electric power for the wind speed of vi 
 F(vi) = cumulative probability distribution function 

(CDF).  
The CDF, F(vi) can be obtained by integrating the Rayleigh 
probability distribution function and is given as  
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where v = mean wind speed. 

The AEP results calculated based on Eq. (11) are summa-
rized in Table 2. To evaluate the benefit of the proposed 
method, AEPs at eight different wind mean speeds (4, 5, 6, 7, 
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Fig. 6. Loci of steady state operation on a Cp-λ chart.   
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8, 9, 10 and 11 m/s) are compared as shown in Table 2. The 
second column (denoted as AEP1) is the AEP which will be 
produced when the fixed pitch is used in a transition region. 
The third column (denoted as AEP2) shows the AEP in case 
of using the variable pitch schedule of Fig. 7. Finally, the 
fourth column (denoted as AEP3) has the AEP data when the 
wind turbine is operated without the consideration of the tip 
speed noise constraint. Approximately, the strategy of using 
the variable pitch (AEP2) in a transition region produces 0.2% 
more of AEP compared to that of using the fixed pitch (AEP1). 
Even though the amount of the AEP increase for the 3MW 
machine is not so great, the strategy of the variable pitch 
should be continuously investigated for a larger wind turbine. 

If a wind turbine can be operated without the noise con-
straint, the increase of AEP would be huge as shown in Table 
2. Therefore, the rotor blade design which minimizes the blade 
tip noise problem should be also considered in addition to the 
method of the variable pitch scheduling in the transition re-
gion. 

One point which should be considered in selecting the pitch 
schedule in the transition region is the effect of this on the 
mechanical loads on the wind turbine structure. Fig. 9 shows 

the steady state thrust force variation with the wind speed. In 
this figure, the plot marked with ‘◇’ is the variation of the 
thrust force in case of using the fixed pitch, while the one with 
dots is for using variable pitch in the transition region. As 
shown in this figure, the variable pitch schedule in the transi-
tion region produces more static thrust force than that for the 
fixed pitch schedule for the same wind speed. Although the 
variable pitch can extract more energy from the wind in transi-
tion region, it produces more static thrust force on blades, 
which might not be acceptable in the safety requirement of the 
wind turbine structural design. 

 
5. Conclusions 

There exists a transition region in which the max-Cp opera-
tion of the wind turbine is no more possible. The conventional 
pitch schedule in this region involves using a fixed pitch. It 
turns out this pitch schedule is not optimal from the point of 
the maximal energy capture from the wind. A variable pitch 
schedule which can extract more energy in the transition re-
gion than the fixed pitch schedule is proposed. The benefit of 
using the variable pitch schedule in a transition region is in-
vestigated. About 0.2% increase in the AEP is anticipated 
when applying the variable pitch schedule instead of the fixed 
pitch in the transition region.  
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Nomenclature------------------------------------------------------------------------ 

A     : Area swept by the rotor    
Br : Damping coefficient of the low speed shaft 
Bg : Damping coefficient of the high speed shaft 
CP : Power coefficient 
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Fig. 9. Steady state thrust force variation with wind speed. The plot 
marked with ‘◇’ is the variation of the thrust force in case of using the
fixed pitch, while the one with dot is for using variable pitch in the
transition region.   

 

Table 2. AEP data for different WT operational strategies. 
 

AEP (MWh) 
v (m/s) 

Fixed pitch (AEP1) Variable pitch (AEP2) No constraint (AEP3) 
2 1

1

(%)AEP AEP
AEP
−  3 1

1

(%)
AEP AEP

AEP
−  

4 1812.2 1813.4 2172.8 0.07 19.90 

5 3560.6 3566.2 4128.6 0.17 15.97 

6 5727.9 5741.4 6490.9 0.23 13.32 

7 8029.2 8048.9 8918.7 0.25 11.08 

8 10229.9 10253.6 11172.6 0.23 9.22 

9 12183.0 12208.6 13124.3 0.21 7.73 

10 13803.5 13829.5 14709.8 0.19 6.57 

11 15051.4 15076.7 15904.8 0.17 5.67 
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CPMAX : Maximum power coefficient 
CQ : Torque coefficient (=CP/ λ ) 
cS : Torsioanl damping coefficient of the drive train axis 
F(vi) : Cumulative probability distribution function 
Jr : Inertia of 3 blades, hub, and low speed shaft 
Jg : Inertia of generator 
kS : Torsioanl stiffness of the drive train axis 
N : Gear ratio 
P : Wind turbine electric power 
R : Rotor diameter 
Ta  : Aerodynamic torque 
Tg    : Generator reaction torque 
v, vi  : Wind speed 
v  : Mean wind speed 
R : Rotor diameter 
β  : Pitch of the blade 
λ  : Tip speed ratio 
ρ  : Air density 

rΩ  : Rotor rotational speed 
gΩ  : Generator rotational speed 
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