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Purpose: Reduce uncertainty

Uncertainty = Risk

» Did the wind turbine not produce as expected?
» Blame the wind turbine?
» Blame the wind?

» Did the wind turbine produce as expected?
= How can you be sure?
= \Was it a coincidence?
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The problem with
power curves
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The notion of a power curve

The IEC 61400-12-1 power curve:

Mean power as a function of mean hub height wind speed
corrected for air density

Estimation: IEC 61400-12-1 power curve
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The mean power depends on more

» turbulence intensity [1-4]
= vertical wind profile [5-6]

= atmospheric stability [7-8]
= dynamic response [2,9]

IEC 61400-12-1 power curve
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The notion of turbulence intensity

. . spread of wind speeds standard deviation
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The mean power depends on turbulence intensity

The dependency of mean power on turbulence intensity
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The new method is able to quantitatively account SIEMENS
for the influence of turbulence intensity

Power curves using the new method
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Solution
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Power as a function of wind speed

I

— “

The wind is measured at the meteorology mast upstream.

Perhaps only the wind speed at hub height is measured.

The wind turbine extracts power from the whole wind field around it.
Thus we must acknowledge at least

= the distance between the meteorology mast and the wind turbine
= the spatial extension of the rotor
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Three notions of wind to get started [1]
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Upstream wind field at
the meteorology mast.
(Measured).

Virtual wind field at the
location of the wind turbine
if the wind turbine was not
there to disturb the wind
flow. (Fictive)

Driving wind, the
common wind speed of a
homogeneous wind field
that yields the same power
output as the virtual wind.
(Fictive).

[1] Christensen et al. (1986)
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Modelling the wind from scarce data

Ten minute statistics: From upstream wind to driving wind:
mean, standard deviation, min, max
W=U, o,=k-0o,

Assumption: In the presense of shear, apply the correction of [6].

normally distributed wind speeds K is needed due fo:

sinfluence of turbulence on turbine
_ =*influence of turbulence on anemometer
The method works with better data. ssjze of rotor
sintegral length scales of turbulence
=dynamic response of turbine
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[6] Wagner et al. (2009)
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SIEMENS
Modelling the power

Quasi static model: P(t) = f (w(t))
(instantaneous power is a function of instantanous driving wind speed)
Consequence for ten minute statistics:

P =j0°° f (x)-pdf, (x)dx

P

f is the zero-turbulence power curve
(not the conventional power curve)

W

pdfw is the distribution of driving wind speeds
(incorporates the turbulence intensity)
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Combining the quasi static model with the SIEMENS
assumptions on the wind speed

p(t) = f(w(t))| ¢ .
wou Lo P=] f00-pdf(xU .k g,)dx
o,=k-o, | O =

When f and k are known, we obtain the conventional power curve at
any desirable turbulence intensity.

P(U,I):J: f(x)-pdf(x;U,k-U - 1)dx

Compare with the Normal Distribution Model [4].

[4] Albers (2009)
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Conventional power curves at any desired SIEMENS
turbulence intensity

Power curves using the new method
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Estimation from data

Data: U,Gu’ P’Gp
j:f(x)-pdf(x;u,k-au)dx

Model: P

Oy

Estimate f and k by matching the model with data (using least squares).
The estimation is

= essentially non-parametric
= computationally inexpensive
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Estimated zero-turbulence power curve

Regular zero-turbulence power curves
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Conventional power curves at any desired SIEMENS
turbulence intensity

Power curves using the new method
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Residuals of mean power SIEMENS
No bias

Residual mean power at 7% turb. int Residual mean power at 14% turb. int
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Conclusion and further applications

= Can account for the impact of turbulence intensity
Non-parametric, computationally inexpensive.

= Can estimate a power curve with few data points
Each data point contributes with more information when the
turbulence intensity is included.

= Can estimate a power curve with gaps in data
When including the turbulence intensity, each data point contributes
with information about range of wind speeds, approximately 4 m/s at
U =10 m/s and | = 10%.

= Can predict performance at unobserved turbulence intensities
The model explicitly includes the turbulence intensity.
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Some references (not an exhaustive list)

10.

Christensen CJ, Dragt JB. Accuracy of power curve measurements (M-2632). Technical Report, Risg National Laboratory 1986.

Sheinman Y, Rosen A. A dynamic model of the influence of turbulence on the power output of a wind turbine. Journal of Wind Engineering &
Industrial Aerodynamics 1992; 39:329-341.

Kaiser K, Hohlen H, Langreder W. Turbulence correction for power curves. EWEC, Madrid, 2003.

Albers A. Turbulence normalisation of wind turbine power curve measurements. Technical Report, Deutsche WindGuard Consulting GmbH
20009.

Elliott D, Cadogan J. Effects of wind shear and turbulence on wind turbine power curves. European Community Wind Energy Conference
and Exhibition, Madrid, 1990.

Wagner R, Antoniou |, Pedersen SM, Courtney MS, Jgrgensen HE. The influence of the wind speed profile on wind turbine performance
measurements. Wind Energy 2009; 12(4):348-362.

Sumner J, Masson C. Influence of atmospheric stability on wind turbine power performance curves. Journal of Solar Energy Engineering
2006; 128(4):531-538.

Wharton S, Lundquist JK. Atmospheric stability affects wind turbine power collection. Environ. Res. Lett. 7 (2012).

Gottschall J, Peinke J. Stochastic modelling of a wind turbine’s power output with special respect to turbulent dynamics. Journal of Physics:
Conference Series 2007.

Tikhonov A, Arsenin V. Solutions of Ill-posed Problems. New York. 1977.

Page 21 May 2012 Emil Hedevang, Siemens Wind Power



