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Å Blade dynamics  
-  Rigid flapping and lagging blade  
-  Elastic blade  
-  Simplified blade element aerodynamics  
 

Å Basic concepts in aeroelasticity  
-  The rotor as a filter  
-  Aerodynamic damping  
-  Divergence  
-  Flutter  

 

Å Stability  
-  Concepts of static stability  
-  Stability of LTI systems (with and without analytical model)  
-  Stability of LTP systems (with and without analytical model)  
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Blade Dynamics  
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The Flapping Equation  

Consider a rigid flapping blade (simplest possible approximation 
of beam flapwise  bending):  

Acceleration 
at hinge H  

Hinge 
offset  

Gravity  
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Flap stiffness due to centrifugal loading:  
 
 
 
 
 
 
 
Flap stiffness due to gravity:  
 
 
 
 
 
 
 
Restoring moments proportional to flap angle  

The Flapping Equation  
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The Flapping Equation  

Kinematic quantities:  
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The Flapping Equation  

Hinge moment:  

Aerodynamic           Gravity                 Hinge spring  
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The Flapping Equation  

Equations of dynamic equilibrium wrt   
an accelerating moving frame centered in H: 
 
 
 
 
Moments of inertia wrt  hinge H:  
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The Flapping Equation  

Equations of motion (in components):  
 
 
 
 
 
 
 
Feathering (twist), flap and lag dynamic equilibrium:  
 
 
 

Gravity                               Spring  

Centrifugal load  

No twisting  

Lag moment due to 
flapping ( Coriolis ) 
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Flap dynamic equilibrium:  
 
 
 
 
 
 
 
 
 
 
Hinge offset for a uniform blade:  

The Flapping Equation  

Hinge offset        Non - rotating natural frequency  

Centrifugal stiffness     Gravity induced stiffness     (pulsating)  
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In a vacuum  and neglecting gravity, harmonic oscillator (no damping):  
 
 
 
 
Fundamental frequency increased by centrifugal stiffening and hinge 
offset  
 
Campbell ( Southwell , fan)  
diagram:  

The Flapping Equation  
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Forced spring - mass- damper system:  
 
 
 
Set 
 
 
 
 
 
 
 
Solution:  

Response of Second Order Systems  
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Frequency ratio (forcing/natural):  
 
 
Amplitude:  
 
 
 
 
 
 
 
 
Phase: 

Response of Second Order Systems  

(From Bramwell  2001)  

Forcing at resonance 
results in 90 deg delay  

Peak response 
obtained at freq 
ratios smaller than 
resonance  



W
in

d
 T

u
rb

in
e

 
A

e
ro

e
la

s
ti
c
it
y

 

            POLITECNICO di MILANO                                                 POLI- Wind Research Lab  

Typically for a wind turbine blade:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For a hinged blade (null spring):  

The Flapping Equation  

(From Bramwell  2001)  
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Flapping Equation for an Elastic Blade  

Equilibrium of blade segment:  
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Differential equations of equilibrium:  
 
 
 
 
 
 
 
 
 
 
From beam theory:  
 
Equations of motion:  

Flapping Equation for an Elastic Blade  

Centrifugal stiffening  
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Rigid Blade Dynamics  

Considering lag  (simplest possible approximation of blade 
edgewise bending):  
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Considering yaw: 

Acceleration at 
hinge H due to  ̏ 

Acceleration at 
hinge H due to q  

Yaw rate  

Rigid Blade Dynamics  
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Rigid Blade Dynamics  

Kinematic quantities:  
 
 
 
 
 
 
     (having dropped small terms              )  


