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Abstract
This paper attends to the modelling of power fluctuations of large offshore wind
farms, concretely this paper focuses in the analysis of the spectral coherence models
for the wind speed.
So, firstly the current coherence models are analysed from the point of view of
the Power Fluctuation. Then the paper shows the need of a new coherence model
adapted to this frame i.e. to the characteristic length and height of nowadays wind
farms and the characteristic time of the power fluctuation.
This paper provides an adapted coherence model. That model has been developed
using wind speed and power measurements from the 72 Wind Turbines and 2 of the
meteorological masts from Nysted Offshore Wind Farm during 9 months.
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Introduction

Nowadays the concern about the effects of the pollution (like the global warming effect) and the knowledge of the limitations of the fossil resources are creating a strong tendency in Europe towards the use of renewable energy sources.
Therefore, there has been a big growth in the Wind Energy development, and
it is expected to go on rising. Such growths make essential to research deeply
into this energy technology from the point of view of an important component
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of the electrical system, instead of considering it a very small part of it as it
was done previously.
A major issue in the control and stability of electric power systems is to
maintain the balance between generated and consumed power. Because of the
fluctuating nature of wind speeds, the increasing use of wind turbines for power
generation has risen the interest in the fluctuations of the wind turbines power
production, especially when the wind turbines are concentrated geographically
in large wind farms. That fluctuation can also be a security issue in the future
for systems with weak interconnections like Ireland or the Iberian Peninsula.
As example of the significance of these power fluctuations in Energinet.dk
(the Danish Transmission System Operator), according to [1], Energinet.dk
has observed that power fluctuations from the 160 MW offshore wind farm
Horns Rev in West Denmark introduce several challenges to reliable operation
of the power system in West Denmark. And also, that it contributes to deviations from the planned power exchange with the Central European Power
System (UCTE). Moreover, it was observed that the time scale of the power
fluctuations was from tens of minutes to several hours.
And in those fluctuations the importance of the spatial correlation of the wind
speed in that time frame is shown by the fact that the power fluctuations of
the 160 MW Wind Farm was significantly greater than the fluctuations in 160
MW of WTs distributed in smaller onshore Wind Farms.
The conclusions make the research of the spatial correlation a main topic for
the power fluctuation analysis.

2

Coherence models for Power Fluctuation

The spectral coherence between the wind speed in two different points is defined by
γ(f ) = q

Sab (f )

(1)

Saa (f )Sbb (f )

where Sab (f ) is the crossed power spectral density (CPSD) between the wind
speed in points a and b, and Saa (f ) and Sbb (f ) are the power spectral density
(PSD) of the wind in each point.
Those spectral functions are given by the following equation:
h

Sab (f ) = F (φu,ab (τ ))(f )

i

(2)
2

being F the Fourier Transform and φu,ab (τ ) the cross correlation
of the wind
1 R
speed between the points a and b, defined by φu,ab (τ ) = T T Va (t)Vb (t−τ )dt =
1
u (t) ∗ ub (−t), where “∗” is the convolution operator.
T a
Besides the practical observation of the link between the power fluctuation
and the spectral coherence above cited, different theoretical and practical observations appeared in recent papers like [4] and [7] confirm that the seeking
of power fluctuations models is totally linked with the coherence models in a
WF frame.
Regarding the current coherence models, most of them are based in modifications to the Davenport model [2]. Davenport’s model suggest an exponential
behaviour explained by the following expression
d·f

(3)

|γ| = e−a V

where a, that is usually called decay factor, is a constant.
This model does not explain the inflow angle dependence, and so the usual
modifications of this model, based in changing the value of the constant a
or even in suggesting a stochastic behaviour for it [6], have the same problem
when using them in the scale of a wind farm, where this dependence is essential
[9].
Nevertheless, the modifications suggested by Schlez & Infield [5] introduces
that dependency expressing a as a function of the inflow angle
a=

q

(along · cos α)2 + (alat · sin α)2

(4)

being along and alat respectively the decay factors for the longitudinal and the
lateral situations given by

alat

along = (15 ± 5) · IV
= (17.5 ± 5)(m/s)−1 · IV · V̄

(5)
(6)

being IV the turbulent intensity defined by IV =

σv
V̄

However, this empirical model was based on a very limited distance scale and
so it does not predict the behaviour in the large wind farms of nowadays [9],
so none of the usual models used in Wind Energy suits for studying the Power
Fluctuation of Wind Farms. Therefore, in this paper the spectral coherence
within a large wind farm is studied, with the aim of suggesting a suitable
model.
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Experimental data used

The data used in this work is based in the Nysted Wind Farm, which is an
offshore Wind Farm compound of 72 Siemens SWT-2.3-82 fixed speed wind
turbines, with a global nominal power of 165.6 MW and distances between
the wind turbines between 0.48 km and 7.73 km.
In the 72 WTs and the 2 Meteorological Masts shown in the figures, it has been
measured the wind speed in the nacelle of each WT (69 m above ground), the
active power produced, the yaw angle, the angular velocity and other variables.
Furthermore, we have accesed to the wind speed and wind direction data from
the meteorological masts at 70 m. above ground.

Figure 1. Layout of the Nysted Wind Farm

All of those data have been obtained through a SCADA system used by the
wind farm main controller, which logs the data with a 1Hz sampling frequency.
The data stored that have been used for this work is basically the wind speeds
measured by each WT and the velocity and direction of the wind measured
in the masts MM2 and MM3 that are shown in the figure 1, corresponding to
9 months in 2005.
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Procedure of the coherence measuring

For obtaining a coherence model in a suitable time frame for this purpose, 2
hour intervals have been considered. Next, it has been selected only intervals
with a 75% of valid data in MM2 and MM3 . For the single Wind Turbine
data a filtering for each Wind Turbine working in a “normal” state has been
4

done by selecting the WTs with at least a 90% of valid data and holes smaller
than 3 seconds, so that they can be fulfilled using splines without having any
significant influence to the time scale that we are studying.
Then, it has been define similar pairs of WTs with similar distances and angles
like A01 -A02 and C03 -C04 , calling them segments.

Figure 2. Example of how the segments are assembled

Following this process, as it is shown in figure 2, we consider all segments with
more than 8 couples, as example some of those segments are shown in the
table 1.
∆irow

∆icolumn

dxy (m)

βxy (deg.)

Blocks

0

1

482

92

64

0

2

964

92

56

0

3

1445

92

48

1

1

1062

146

56

5

4

5041

150

15

1
-4
1972
67
35
Table 1
Example of the 2-point segment characteristics

Once having selected the intervals, the data in each time interval are processed,
averaging the power spectra of each couple of WTs belonging to the same
segment.
For instance, when we consider the segment n compound of m pairs (being
m ≥ 8) of WTs with valid data (ai , bi ), regarding equation 2 and the convolution property of the Fourier Transform:
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Pm

FFT(Vai ) · FFT(Vai )∗
m
Pm
FFT(V
) · FFT(Vbi )∗
b
i
Sbb = i=1
m
Pm
∗
FFT(V
ai ) · FFT(Vbi )
Sab = i=1
m

Saa =

i=1

(7)
(8)
(9)

where Saa (f ), Sbb (f ) ∈ R, as well as Sab (f ) ∈ C. This is done for each segment
with enough valid data in each time interval.
Afterwards, the results of each segment data (Saa (f ), Sbb , (f )Sab (f )) can be
classified depending on the average wind speed V and the inflow angle α
calculated through the segment angle β and the wind direction φ.
Next, the data classified for each segment (n) in the same wind speed range
(vm ) and inflow angle range (αk ) are used for calculating the coherence γ(n, vm , αk , f )
as follows:
γ(n, vm , αk , f ) = qP
Nn

i=1

PN n

i=1

Sab (i, f ) · Ni

Saa (i, f ) · Ni ·

PNn

i=1

(10)

Saa (i, f ) · Ni

where Ni are the number of pairs of WT series of data used previously for
calculating the power spectral functions, i.e. the number m in equations 7,8
and 9.
The followind 5 inflow angle bins are used [0, 6, 25, 65, 84, 90](deg.), whereas
the ranges of wind speed are 2m/s intervals from 2m/s to 16m/s.
Finally, using the distance of each segment d(n), we get an experimental
γ(d, vm , αk , f ).
In this proceeding the wake has been neglected, that is possible because in
most of the pairs consider where both measures are inside of the overall wake,
that effect affects similarly to both series of data and so, it is removed by the
definition of the coherence itself (eq. 1). On the other hand, in the cases where
the influence of having measures out of the wake and measures in the deep
wake could be greater, looking at the expression of power spectral density of
the wind inside and out of the wake that is shown in [7], we see that it does
not affect to the time scale which we are interested in.
In the data considered the average of the turbulent intensity is IV = 0.12, the
turbulent intensity has not been introduced into the general analysis in order
to simplify the problem, so that enough number of long distance series are
available. However, afterwards the influence of IV is analysed meanwhile using
6

the following IV ranges: [0.04, 0.10] with an average IV = 0.09, [0.08, 0.16] with
IV = 0.12 and finally [0.12, 0.20] with IV = 0.15.
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Results

As it has been explained previously we have a package of coherence data
(|γ(d, vm , αk , f )| and its argument ∠γ(d, vm , αk , f )), from which we focus mainly
in the module part.
Looking to the data corresponding to the longitudinal situation (α1 ⇒ α ∈
[0, 6 deg]) plotted in figure 3, where the decay factor a (see 3) is plotted for
different wind speed ranges against the distance, it is possible to see that
there is not any significant tendency in the variation of that parameter with
the distance or the wind speed (along 6= f (d, V )). Therefore, it is possible to
assume that a constant value for the longitudinal situation along (see 5) would
be suitable in this distance and time frame. This would agree qualitatively
(but not quantitatively) to Schlez & Infield model (Eq. 4).

Figure 3. Decay factor of the coherence in the longitudinal situation.

However, the lateral decay factor parameter depends significantly on the distance and the wind speed (alat = f (d, V )), as it is shown in figure 4, and
this was not predict by the Schlez & Infield model due to the different time
and length scale in the distance between the points (100 m) and in the height
above ground (18 m).
Looking into the figure, it is possible to see that in this case, alat gets lower
when the distance rises, alat rises when wind speed gets greater, and those
changes of alat get smaller as the distance gets greater.
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Figure 4. Decay factor of the coherence in the lateral situation.

Looking at the intermediate situations, like the one shown in figure 5, it is
possible to see an intermediate behaviour between the longitudinal and the
lateral situation, thus working with a model based on the Schlez & Infield one
seems convenient.
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Fitting of the model

Firstly, some models were suggest after looking the figures shown previously
in section 5. Those models consisted in a decay factor build through the equation 4, considering along as constant, whereas alat was consider a function that
complies with the following conditions:
d ↑ ⇒ alat ↓
V ↑ ⇒ alat ↑
d ↑↑ ⇒ ∆alat (∆d, ∆V ) ↓

(11)
(12)
(13)

Next, the decay factors along and the parameters from the function alat , were
fitted using only the data from the longitudinal and the lateral situation respectively (α1 and α5 ), this was done by minimising the error of the model
8

when trying to estimate log(γ), reducing it to a linear optimisation process,
P n
in which each segment data is weighted by NSn = N
i Ni (see equation 10).
Afterwards, using those values as initial point of a simplex method the model
is fitted to the overall data |γ(d, V, α, f )|. Arriving to the following model:
|γ(d, V, α, f )| = e
along ≈
alat (d, V ) ≈

√

(along ·cos α)2 +(alat (d,V )·sin α)2 d·f
V

4.5
V
466(s) + 4.2
d

(14)
(15)
(16)

This model fits quite well to the original data, having a standard deviation
for the coherence data previously calculated |γ(d(n), V, α, f )| in each segment
n smaller than 0.06, i.e.:
v
uP
2
u
t n NSn · (|γ(d(n), V, α, f )| − |γ̂(d, V, α, f )|)
< 0.06
σγ =
P
n

NSn

(17)

A comparison with the original coherence data in four different situations
can be found in figure 9. Regarding the decay factors, some comparisons for
different wind speeds, distances and inflow angles are provided in figures 6, 7

Figure 5. Decay factor of the coherence for inflow angles between 65 deg. and 84
deg.
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Figure 6. Comparison between the “measured” decay factors and the model in the
longitudinal situation.

and 8, showing all of them a good agreement between the experimental data
and the model.
As it was expected that model tends to behave similarly to the one proposed by
Schlez & Infield when a small (and constant) distance is chosen (along =cte.
and alat ∼ V ) but in this case the dependence with the distance has been
introduced.
Note: ¿¿Should I write something about the coherence angle?? . . .
Furthermore, as the constant values of the model (Eq. 14) are very closed, it
is possible to simplify the model considering them equal without increasing
significantly the error, so in this way we can express the coherence as follows

|γ(d, V, α, f )| = e
along ≈
alat (d, V ) ≈

√

(along ·cos α)2 +(alat (d,V )·sin α)2 d·f
V

4.4
V
436(s) + along
d

(18)
(19)
(20)

Regarding the influence of the IV , neglected in the general proceeding as explained in section 4, in the equation 14 it does not have a considerable influence
in the longitudinal term, meanwhile when IV rises the non-dimensional term
rises and the other term gets reduced proportionally to the square root of that
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increase. So, the influence IV could be introduced in this way:

|γ(d, V, α, f )| = e
along ≈
alat (d, V ) ≈

√

(along ·cos α)2 +(alat (d,V )·sin α)2 d·f
V

4.5
q
56(s) V
√
· + 35 · IV
IV d

(21)
(22)
(23)

Nevertheless, its influence is not that significant and it can be neglected increasing the simplicity and not affecting to the reliability of the model. Moreover, in the simplified model (eq. 18), the influence of IV in the lateral “time
constant” is quite small.
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Conclusions

Starting from 9 months of real data coming from a Large Offshore Wind
Farm, it has been seen that there is a significant dependence between the
coherence and the inflow angle, as in the model suggested by Schlez & Infield.
However, it was also shown that in the length, height and time scale interesting
for studying the power fluctuations of Large Wind Farms, there is a strong

Figure 7. Comparison between the “measured” decay factors and the model in the
lateral situation.
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Figure 8. Comparison between the “measured” decay factors and the model for
inflow angles between 65 deg. and 84 deg.

Figure 9. Comparison between the “measured” coherence and the fitted model in 4
different situations

dependency between the decay factor in the lateral situation and the distance
and wind velocity.
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From those differences, a model for the spectral coherence of the wind velocity
has been developed.
That empirical model has been fitted in a time scale up to 2 hours and with
distances from near 500 m to 6 km. The election of the scale, based in the
bibliography above cited, makes this model suitable in the frame of Power
Fluctuation.
This coherence model and its simplification have been added to the PARKSIMU program, that is being introduce as a plug-in for the commercial program DIgSILENT, so that it will be possible to use it for power fluctuation
studies in offshore wind farms, and even for evaluating the shape of big wind
farms from this point of view.
Wake and other effects can be introduced for instance as it is described in
[3, 7, 8].
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