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modern wind turbines

WEC  >5MW

area = 12469 m2

energy resource — Wind
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wind measurements and data analysis

wind conditions after IEC 

• measurement at hub height in front of a turbine

measured time series
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wind ressource

reference wind speed 

!
!
!
!
!
annual mean wind speed 

profile 

!
extreme events -gusts  

Vref
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• 10 min Mittelwerte

~
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wind measurements and data analysis

characterization after IEC norm   - or what is a gust?? 
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º 106

Boundary-Layer Meteorology 108 (2003)	



τ = 4 sP(uτσ
−1)

1/3000 years

1/day

Prob(uø > 6æ) º 10°4

Prob(uø > 6æ) º 10°10

statistics of gusts
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dynamics of power conversion

PWT =
1
2
cp(�) ⇢ u3

wind · A
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increment statistics of power fluctuations

τ= 1s           Wind (farm)
τ=10s,         Wind (farm)
τ=1000s,     Wind (farm)
Guassian PDF
τ=1s            Wind (single)
τ=10s,         Wind (single)
τ=1000s,     Wind (single)
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highly intermittent  and turbulent power dynamics from wind turbines and wind farms

P. MIlan et.al.PRL 110, 138701 (2013)
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finance!

scale dependent quantity for measuring the disorder	



!

return or log return for different time scales	
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Q(x,r) => r(t,τ) =
x(t + τ )
x(t)

or R(t,τ ) = log r(t,τ)
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rogue waves
measurement Japan	
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data from stoch. model based in multi point statistics
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turbulent cascade
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L

r2

η

r1

ur := u(x + r)° u(x)

< un
r > � r�n

turbulent cascade:  - large vortices are generating 
smaller
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n-point statistics

p(u(x1), ..., u(xn+1))p(u(x1), ..., u(xn+1)) = p(ur1 , ..., urn , u(x1))
= p(ur1 , ..., urn |u(x1)) · p(u(x1))

!"

!#

!$

x1
xn+1

uri = u(x + ri)� u(xi)

n- point statistics expressed by increment statistics

n-point statistics - expressed by increment statistics
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n-point statistics
p(u(x1), ..., u(xn+1))
= p(ur1 |ur2 , u(x1)) ... p(urn�1 |urn , u(x1)) · p(u(x1))

Markow prop & cascade with Fokker-Planck Equation
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n-point statistics

Markow prop & cascade with Fokker-Planck  Equ

....
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Stresing et.al. New Journal of Physics 12 (2010) 
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L
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@rur

@rpr(ur)

ur := u(x + r)° u(x)
multi scale analysis

< un
r > � r�n

stochastic cascade process !
evolving in r  - multi point 

how are the scaling and the process approaches 
connected 
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cascade process as stochastic process -2-

stochastic process  - stationary 

stochastic process  - jump process

stochastic process - jump process
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thermodynamics of cascade

‣ new approach to non- equilibrium 
thermodynamics by Seifert PRL 95 (2005)	



‣ the evolution along cascade as 
thermodynamical process	



‣ entropy production along a single trajectory	



‣ trajectory obeys an integral fluctuation 
theorem - Jarzynski relation PRL 78 (1997)

L
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η
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thermodynamics of cascade	



1st law : energy balance of a single trajectory!

�U = W (ur)�Q(ur)

�U

W (ur)
Q(ur)

equilibrium energy difference!
!
work done on trajectory!
!
heat transferred to system!
!
!
!entropy production for different paths       (Seifert 2005)ur

S(ur) =
Q(ur)
kBT
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thermodynamics of cascade : entropy balance

2nd law : entropy balance!

entropy production in the system (Seifert 2005)

entropy production along trajectory

�S = �ln
pr(ur)
pr0(u0)

Sm(ur) = �
Z �

L
@rur @u'(ur, r)dr

'(ur) = lnD(2)(ur, r)�
Z ur

�1

D(1)(u0, r)
D(2)(u0, r)

du0

the potential      is the stationary solution of the Fokker-Planck equ.

contribution of fluctuations !
relaxing to the steady state

contribution of the path along!
the steady state
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thermodynamics of cascade : entropy balance

2nd law : entropy balance!

entropy production in the system (Seifert 2005)

entropy production along trajectory

stoch process 
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thermodynamics of cascade : entropy balance

2nd law : entropy balance!

entropy production in the system (Seifert 2005)

entropy production along trajectory

experimental quantities

stoch process 
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thermodynamics of cascade : entropy balance

2nd law : entropy balance!

entropy production in the system (Seifert 2005)

entropy production along trajectory

S
tot

(u
r

) = S
m

(u
r

) + �S

total entropy production

he�S
tot

(u
r

)i = 1

2nd law

integral fluctuation theorem !
Seifert (2005)

experimental quantities
stoch process 
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test of validity of the fluctuation theorem 
Renner et al JFM (2001)
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results for turbulent cascade:!
-  1st fulfillment of fluctuation theorem !

!

!

“This integral fluctuation theorem - a generalized Jarzynski’s relation -!

is truly universal since it holds for !

- any kind of initial condition, !

- any time dependence of force and potential, with and without detailed balance, !

- any length of trajectory without the need for waiting for relaxation.” !

Seifert (2005)!

!
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!

-  1st fulfillment of fluctuation theorem !

!

!

- 2nd test of the validity of turbulence models!

!

!

!

!

=>  IFT holds only for “non - scaling” stochastic processes
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summary - nonequi. thermodynamics 

generalized 2nd law - (entropy maximization)  
fulfilled for cascade	



!

- non scaling process fits to data	



(?? => new window for blow up??>	



!
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extreme events and its entropy production 

to fulfill the IFT - there must be paths with 
positive and negative entropy production	
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to fulfill the IFT - there must be paths with 
positive and negative entropy production	
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3.) extreme and normal entropy production
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End
concept of stochastic cascade 	



	

 - multipoint statistics	



  - non- equilibrium thermodynamics 	



!

Thank you
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