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Understanding wind power

l Wind fundamentals
l Power vs wind equations
l Basic turbine aerodynamics

l Power control: Pitch, Yaw, Break
l Basic equipment

l Generator 
l Gear-box
l Transformer

Literature (Available as eBooks at Liu library)
1. Wind Power Integration: Connection and System Operational Aspects 

2nd ed, Brendan Fox et al, IET 2014 (Chapter 3)
2. Grid Integration of Wind Energy: Onshore and Offshore Conversion 

Systems, Third Edition, Siegfried Heier, John Wiley & Sons © 2014
(Chapter 2, more details)
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Wind power
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The Betz limit
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27

= 0.59

Continuity of volume flow [kg/s]:

Max Cp at: 𝑣( =
%!
2

Max turbine power when wind 
slowed down to a third of the 
free wind speed

Captured power from air flow:
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Maximum efficiency in windturbines

In practice:
Modern wind turbines reach about 80% of the Betz limit.

Darrieus

Betz theoretic curve



𝜔𝑅

Tip speed ratio
Rotational speed of blades
• Revolutions per minute: n [rpm]
• Angular speed: 𝜔 = 2𝜋 $
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Tip speed increases with the 
radius

𝑣+,- = 𝜔𝑅 [m/s]
Wind speed, 𝑣6 [m/s]
Tip speed ratio
• Tip speed to wind speed ratio

𝑇𝑆𝑅 = 𝜆 =
𝑣+,-
𝑣!

=
𝜔𝑅
𝑣!
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9
Youtube film illustrating aerodynamics

https://www.youtube.com/watch?v=p5k2LhKBSgQ


Blade aerodynamics

• Fl:  Lift force
• Fd: Drag force
• Fr:  Rotational force
• Fq: Thrust force

• Side view of the turbine
• Wind in from the left, 𝑣!
• Blade moving downwards, 𝜔𝑅
• Apparent wind, U 
• Angle of attack, a
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Angle of attack
The lift force is proportional to Cl and the 
drag force to Cd

A: leading edge
B: trailing edge
L: chord line (a straight line between 
the leading and trailing edges)
α: the angle of attack between the 
apparent wind and the chord line.

Apparent wind 

Apparent wind 

Lift Drag
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Maximum power point
1. Captured power depends on lift force
2. Lift force depends on angle of attack
3. Angle of attack depends on tip-speed ratio
MPP given by CP vs Lambda curve, 𝐶9 𝜆

𝑃)*#+",- = 𝐶6 𝜆 ⋅ 𝑃!"# = 𝐶6 𝜆 ⋅
1
2
𝜌𝐴𝑉2

Keep 𝜆 constant to maximize power! 

MPP𝜆 =
𝜔𝑅
𝑣3
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• Available energy 
depends strongly 
on site conditions 

• Higher mean wind 
in off-shore 
locations

• Land, forests and 
mountains have a 
braking impact on 
wind

Wind energy distribution

Wind energy distribution shifts to higher 
wind speed since 𝑃~𝑣2
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Typical numbers
• Mean annual site wind speed

vm = 8 m/s 
• cut-in wind speed 

5 m/s = 0.6 vm
• rated wind speed 

12–14 m/s = 1.5–1.75 vm
• shut-down wind speed 

25 m/s = 3 vm

Power control
The electrical and mechanical system has an economical 
rating limit related to wind energy distribution
• Above this point, power is limited
• Below this point, power is maximized
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Example: Maximum power 
tracking through variable speed

A wind turbine is rated P=5 MW, 
A=11300 m2 (R=60 m), 𝜌=1.225 kg/m3

a) Compute the tip speed ratio, power 
coefficient and generated power 
when v1=12 m/s and n=10 rpm.

b) The wind speed has decreased to 
v2 =6 m/s. Find the tip speed ratio 
that maximizes the generated 
power and compute the speed in 
rpm that results in this optimal tip 
speed ratio. Compute the 
generated power at this operating 
point.

16



Example: Maximum power 
tracking through variable speed
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A = piR2 = ⇡ · 60 = 11310m2

!1 =
2⇡n1

60
= 1.05rad/s

�1 =
!1R

v1
= 5.24

Cp1 = 0.42

P1 = 0.5⇢Av31Cp1 = 5MW
<latexit sha1_base64="ixe3v+C6/F4BbGsTrnri48+0oqA="></latexit>

v2 = 6m/s

�1 = �1

!2 =
�2v2
R

= 0.52

n2 = !2 ·
60

2⇡
= 5rpm

Cp2 = CP1 = 0.42

P2 = 0.5⇢Av32Cp2 = 0.63MW
<latexit sha1_base64="IUZKFA1xlhWNmOawJ3G/QJ5J41I="></latexit>

a)

b)



Aerodynamic power control

Pitch regulation: The blades are physically rotated about their 
longitudinal axis.

Stall regulation: The angle of the blades is fixed but the 
aerodynamic performance is designed so that they stall at high 
wind speeds.

Assisted-stall regulation: The blades are rotated slowly about 
their longitudinal axis but the main control mechanism is stall.

Yaw control: The nacelle is rotated about the tower to yaw the 
rotor out of the wind. This technique is not commonly used.
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Power is reduced by 
turning blades into the 
wind (Furling)
• J: angle to rotor 

plane
• b: angle to the wind

Pitch regulation

J: angle to rotor plane
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Turbine characteristics 
𝑇𝑆𝑅 = 𝜆 =

𝜔𝑅
𝑣3
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J: angle to rotor plane
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Continuation of the previous example where R=60 m 
and the produced power at v1=12 m/s, n=10 rpm, 𝜆	= 
5.2 and cpmax=0.42 is P=5 MW.

Compute the required pitch angle to produce 5MW at 
v3=24 m/s and n=10 rpm.

Example: Pitch regulation for 
power limitation
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Example: Pitch regulation for 
power limitation
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v3 = 24m/s

n3 = 10rpm

!3 =
2⇡n3

60
= 1.05rad/s

�3 =
!3R

v3
= 2.6

Cp3 =
P3

0.5⇢Av33
= 0.052

<latexit sha1_base64="DodKzq98eGOkSyWuPIRmcT5AtcU="></latexit>

Pitch angle of 28 degrees required 
to fulfill both tip speed ratio = 2.6 
and power coefficient to 0.052.



The synchronous generator

Frequency [Hz] 50
No of poles 2 4 6 8 12 24 36 48

Rotational speed [rpm] 3000 1500 1000 750 500 250 167 125

𝑓7 	=
𝑝
2
𝑛7
60

Rotational speed [rpm] 10
No of poles 2 12 24 36 48 96 192 384

Frequency [Hz] 0.2 1.0 2.0 3 4 8 16 32
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Wind turbine generator

Generator output
• 50 Hz 3-phase
• 600-900 V
• 6-pole	synchronous	generator	

rotor	speed:	
• 𝑛* =

%&.!
-/#

= %&01&
"

= 1000	𝑟𝑝𝑚
• Wind	turbine	rotor	speed:	10	rpm
• Gearbox	ratio:	100
• Planetary	2-stage
• Transformer:	

600-900	V:10-36	kV
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IG
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Gearless, direct 
drive
Permanent magnet 
synchronous 
generator
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Wind farm

To avoid aerodynamic 
interference between 
turbines sufficient 
spacing is required
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