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Wind Generation –
Physical Principles and Generator Concepts
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Fundamentals
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Fundamental Principles
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Fundamental Principles

• Kinetic Energy:

• Power in Wind:

• Wind-Turbine:  
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Fundamental Principles

• Continuity

• Power:

• Applying Momentum Theory:  
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Fundamental Principles

• Continuity

• Power:

• Power coefficient:
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Fundamental Principles

• Theoretical Maximum of cp:
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Fundamental Principles

• Power of a wind-turbine: 

• More detailed analysis shows that cp depends additionally on:

• Tip-speed ratio:

• Number of blades

• Blade angle

• Blade design
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Fundamental Principles

Ideal value 593.0max =pc

One bladeTwo blades

Three blades

Darrieus

Dutch-Type

American
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Summary

• Power in the wind increases with v3

• Power is proportional to swept area A, hence increases quadratically
with the rotor diameter

• The theoretical energy conversion limit is

• The optimal wind-speed ratio is: 
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Aerodynamics
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Aerodynamics
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Aerodynamics
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Stall
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Pitching
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Blade-Twist

• Blade-twist for keeping a 
approx. constant



9

DIgSILENT Seminar: Grid Integration of Wind Energy – 24./25.03.2009 – Cape Town/South Africa

Turbine Characteristics
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Fixed Speed Wind-Turbines

• (passive) stall-control: 
Power of Wind-Turbine is limited by the aerodynamic
characteristics of the turbine.

• Active-stall control:
Power of Wind-Turbine is limited additionally by decreasing the
pitch angle (increasing the inflow angle).

• Advantage of fixed-speed operation:
– Cost effective solution for small wind generators.
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Variable Speed Wind-Turbines

• Below rated wind-speed
– Maximum power coefficient (Max. Power Tracking)
– Evt: Speed Limitation

• Above rated wind-speed:
– P=Prated (Limited by power electronics converter)
– Pitching

• Advantages of variable speed operation:
– Lower cut-in wind speeds

– Higher efficiency, especially at low wind speeds
– Lower power variations (compared to fixed speed turbines)

• Disadvantage: More expensive!

DIgSILENT Seminar: Grid Integration of Wind Energy – 24./25.03.2009 – Cape Town/South Africa

Wind Turbine Operation

P<Prated

P=Prated

const. P

n<nrated
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Fixed speed, stall controlled

n=nrated
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Variable speed, pitch controlled
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Typical Power Curves

passive stall

active stall Variable speed/pitch
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Wind Speed Properties
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Wind Speed
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Wind Speed

• Superposition of mean (“average”)
wind-speed and turbulent component:

• Average wind speed:
10-minutes average typically
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Average Wind Speed

measured

Rayleigh-Distribution

Weibull-Distribution

Wind-speed in m/s
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Average Wind Speed
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Turbulent Wind

• Analysis using
– Stochastic approaches

defined by power spectral density
– deterministic gust models,

definition by gust-height and
duration

• Turbulence intensity:
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Rotational Sampling
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Generator Concepts
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Fixed Speed Induction Generator
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Induction Generator
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Induction Generator
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Induction Generator

Induction generator response to a weak voltage dip
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Induction Generator

Induction generator response to a strong voltage dip
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Variable Rotor Resistance
(Opti-slip)

Grid

Gear Box

IG
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Opti-Slip Concept
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Doubly-Fed Induction Generator

DIgSILENT Seminar: Grid Integration of Wind Energy – 24./25.03.2009 – Cape Town/South Africa

Doubly Fed Induction Generator
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Doubly-Fed Induction Generator

DFIG response to a weak voltage dip
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Doubly-Fed Induction Generator

DFIG response to a strong voltage dip (crow-bar operation)
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Generator with Fully Rated Converter

SG/IG
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Generator with Fully Rated Converter/Direct Drive

SG/IG
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Converter Driven Synchronous Gen

FCD response to a weak voltage dip (ideal DC-chopper)
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Converter Driven Synchronous Gen

FCD response to a strong voltage dip (ideal DC-chopper)
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Directly Coupled Synchronous Generator with
Variable Gear Box 

Variable speed 
Gearbox
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Voltage Dip – Different Generator Concepts
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Voltage Dip – Different Generator Concepts
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Wind-Generator Concepts

Induction
Generator

Induction 
Generator

Induction
Generator with
Variable Rotor 
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