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Abstract

This paper provides a model for the coherence between wind speeds located in a
horizontal plane corresponding to hub height of wind turbines in a large wind farm.

The 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.

The coherence model developed in this paper is intended for use of power fluc-
tuations in large offshore wind farms. In this way, analysing the current coherence
models it is shown the needing of a new one, adapted to the characteristic distances
and the related time scale.

Key words: wind models, wind coherence, power fluctuation, offshore wind farms
PACS: 89.30.Ee

1 Introduction

Nowadays the concern about the effects of the pollution (like the global warm-
ing effect) and the knowledge of the limitations of the fossil resources are creat-
ing 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 growth makes essential to research deeply
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into this energy technology from the point of view of an important component
of the electrical system, instead of considering only the local voltage quality
as it was done previously (Sgrensen et al., 2007).

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 Akhmatov et al.
(2004), 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 a
similar capacity of Wind Turbines (WTs) distributed in smaller onshore Wind
Farms. Those conclusions point out that the research of the spatial correlation
is a main topic for the power fluctuation analysis.

In this way, models of coherence have been used within the modelling of wind
farms regarding power fluctuation. Sgrensen et al. (2002) developed a wind
speed model for a wind farm using a coherence model. In this case, the aim of
the model was to simulate the fluctuations in the shorter time scales related
with the power quality characteristics.

Later on, an overall model for power fluctuations regarding the “long term”
fluctuations described above has been developed (Sgrensen et al., to appear).
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2 Coherence models for Power Fluctuation

The spectral coherence between the wind speed in two different points is de-

fined by

Sab(f)

= e )

(1)

where Sy (f) is the crossed power spectral density (CPSD) between the wind
speed in points a and b, and S,,(f) and Sy (f) are the power spectral density
(PSD) of the wind in each point.

Besides the practical observation of the link between the power fluctuation
and the spectral coherence above cited, different theoretical and practical ob-
servations have appeared in recent papers (Nanahara et al., 2004; Sgrensen
et al., to appear) confirming that the seeking of power fluctuations models is
totally linked with the coherence models in a wind farm frame.

Regarding the current coherence models, most of them are based in modifica-
tions to the Davenport model (Davenport, 1961). Davenport’s model suggest
an exponential behaviour explained by the following expression

ot
[ =e " (2)

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 (Solari, 1987), have the same
problem when using them in the scale of a wind farm, where this dependence
is essential (Vigueras-Rodriguez et al., 2006).

Nevertheless, the modifications suggested by Schlez and Infield (1998) intro-
duced that dependency expressing a as a function of the inflow angle

a= \/(along - cos )2 + (ajqt - sin ar)? (3)

being ajong and a;q respectively the decay factors for the longitudinal and the
lateral situations given by

Qong = (15 £5) - Iy, (4)
e = (17.5£5)(m/s) - Iy - V (5)
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being Iy, the turbulent intensity defined by Iy = %

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
(Vigueras-Rodriguez et al., 2006), 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.

3 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 W'T's 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.
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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
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in the masts MM2 and MM3 that are shown in the figure 1, corresponding to
9 months in 2005.

4 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 MMy and MMj;. For the single Wind Turbine
data a filtering for each Wind Turbine working in a “normal” state has been
done by selecting the WT's 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 WT's with similar distances and angles
like Agi-Age and Cg3-Coy, calling them segments.
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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.

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 WT's with valid data (a;, b;), regarding the convolution property of
the Fourier Transform:

5, = il FET(Va,) - FFT(Va,) (6)

m




127

128

129

130

131

132

133

134

135

136

Airow  Aieolymn  dey(m)  Bey(deg.) Blocks

0 1 482 -2 64

0 2 964 -2 56

0 3 1445 -2 48

1 1 1062 -56 56

5 4 5041 -60 15

1 -4 1972 23 35
Table 1

Example of the 2-point segment characteristics.

Sep = (7)
m
m L FFT(V, ) -FFT(V}
Sab: =1 (/n;) ( bl) (8)

where Sua(f), Sw(f) € R, as well as Sy (f) € C. This is done for each segment
with enough valid data in each time interval.

Afterwards, the results of each segment data (Su.(f), Sew(f), Sas(f)) can be

classified depending on the average wind speed V' and the inflow angle «
calculated through the segment angle # and the wind direction ¢ as shown in
figure 3.

North
wind WT;

South

Figure 3. Definition of the inflow («), segment () and wind direction angles (¢)
used.

Next, the data classified for each segment (n) in the same wind speed range
(vy,) and inflow angle range (ay) are used for calculating the coherence y(n, vy, ax, f)
as follows:

S Sani, f) - Ni
finl Saa(ia f) : NZ ' vaznl Saa(i> f) : Nz

(9)

Fy(na Um, Ok, f) =
Ve
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where N; are the number of pairs of W'T series of data used previously for
calculating the power spectral functions, i.e. the number m in equations 6,7
and 8.

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

f}/(dv Uy O, 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 affects similarly to both series of data and so, it is removed by the defini-
tion 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 by Sgrensen et al. (to appear),
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 Iy, = 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, hereinafter the influence of Iy, is analysed using the
following Iy ranges: [0.04,0.10] with an average I,y = 0.09, [0.08,0.16] with
Iy = 0.12 and finally [0.12,0.20] with I, = 0.15.

5 Results

As it has been explained previously we have a package of coherence data
(|v(d, v, g, f)| and its argument Z7y(d, vy, ag, f)), from which we focus mainly
in the module part.

Looking into the data, it is found a clear exponential dependence between
the coherence and either the frequency f or the dimensionless frequency
fracd - fV, as it is shown in figure 4. Although looking at the exponential
dependence in different situations, it is also shown that its decay factors are
quite different on each situation, and therefore it is not convenient to fit it to
a single decay factor.

Then, taking into account the inflow angle, we can focus firstly in the data
corresponding to the longitudinal situation (a7 = « € [0, 6 deg]) plotted in
figure 5, where the decay factor a (see 2) is plotted for different wind speed
ranges against the distance. In that figure, it is possible to see that there is not
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any significant tendency in the variation of that parameter with the distance
or the wind speed (ajong # f(d, V')). Therefore, it is possible to assume that a
constant value for the longitudinal situation a;,,, (see 4) would be suitable in
this distance and time frame.
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Figure 4. Coherence measured in Nysted Wind Farm in the longitudinal situation
and an exponential curve fitted to the data.
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Figure 5. Decay factor of the coherence in the longitudinal situation.

s However, in the lateral situation (a; = a € [84, 90deg]), the decay factor
177 parameter depends significantly on the distance and the wind speed (a;,; =
ws f(d,V)), as it is shown in figure 6.
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Looking into the figure, it is possible to see that a;,; gets lower when the
distance rises, a;,; rises when wind speed gets greater, and those changes of
ajqr get less significant as the distance gets greater.

N 7 R B B ’ b e el 43 WS B
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ol T Data 10 WS € 12 e
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i i 1 | i i j
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Distance (m)

Figure 6. Decay factor of the coherence in the lateral situation.

Looking at the intermediate situations (cw, sz, ay) , like the one shown in fig-
ure 11 (ay = « € [65, 84 deg]), 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.

6 Fitting of the model

Firstly, after looking the longitudinal figures shown previously in section 5, a
constant value for the longitudinal decay factor (ajony) is introduced into the
model.

The angular part of the coherence (Zv(d,V, a, f)) is estimated through a delay
time model 7, = COSI(/I‘;‘)'d, where W would be the convective velocity of the
“wind wave”, which in this frequency scale can be estimated by the average
wind speed measured out of the wind farm V,, ~ ().Vﬁ' By using the Fourier

transform properties, that delay is translated into

29(d, Vig, a, f) = €727 = 7 20F S50 (10)
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An example of comparison between above model and the experimental data
can be found in figure 7.

Segment 9 (41,0). Longitudinal situation with V' =9 m/s

pirz | - =

Calculated fram expetimental data
Z’n“dB’H E)

Ly

ZXnXdE’f #(8/0.85)

pirs |- e B R P R RPN ]

0 i i I i
o 0s 1 15 2 25

Frequency (Hz) i’

Figure 7. Comparison between the angular part of the coherence obtained from
Nysted data and the delay model introduced by eq 10

Then, considering the results in the lateral situation shown in the previous
section, the lateral decay factor should be modelled as a function with the
following behaviour:

d1=am | (11)
Vi=aqu (12)
d TT = Aalat(Adu AV) l (13>

After studying different models for the lateral decay factor, the following model
has been chosen

Vv
aat(d, V') = 015 + Oy (14)

Next, the parameters of those decay factors (ajong, C1,C2) were fitted using
only the data from the longitudinal and the lateral situation respectively (a4
and «3), this was done by minimising the error of the model when trying to
estimate log(7), reducing it to a linear optimisation process, in which each
segment data is weighted by Ng = 7" N; (see equation 9).

Afterwards, using those values as initial point of a simplex method the model

is fitted to the overall data |y(d, V, «, f)| in all the inflow angle ranges. Arriving
to the following model for the absolute value of the coherence:

10
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(@, V0, )] = oV oo T a4 (15)

long R 4.5 (16)
V
Aot (d, V') = 466(8)5 +4.2 (17)

This model fits quite well to the original data, having a standard deviation
for the coherence data previously calculated |y(d(n),V, «, f)| in each segment
n smaller than 0.06, i.e.:

o — | 2n s, - ({d(n), Vi a, f)] - 9(d, V, o, f)])?
T >n Ns,

< 0.06 (18)

A comparison with the original coherence data in four different situations
can be found in figure 8. Regarding the decay factors, some comparisons for
different wind speeds, distances and inflow angles are provided in figures 9, 10
and 11, showing all of them a good agreement between the experimental data
and the model.

d = 1.5km, V € [10,12]m/s,a € [84°,90°] d=1.1km, V € [6,8] m/s, « € [0°,6°]
1 T
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1 T 1 T

©  Data fram nwsted : : ©  Data from nysted
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Figure 8. Comparison between the “measured” coherence and the fitted model in 4
different situations

Furthermore, as the non-dimensional constant values of the model (Eq. 15)
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

IV (d, V, a, f)| = eV (@ongcosaP+(aiat(d,V)sina)? 5F (19)

11
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Figure 9. Comparison between the “measured” decay factors and the model pro-
posed in this paper (UPCT-A) in the longitudinal situation.

(long ~ 4.4 (20)
V
a1t (d, V) = 436(8)3 + Qiong (21)

Regarding the influence of the Iy, neglected in the general proceeding as ex-
plained in section 4, in the equation 15 it does not have a considerable influence
in the longitudinal term, meanwhile when [y rises the non-dimensional term
rises and the other term gets reduced proportionally to the square root of that
increase. So, the influence Iy, could be introduced in this way:

1(d, Vi, )] = eV e e @yt (22)
(long & 4.5 (23)

56 V I
alat(d7 V) ~ <S) Ty 35 - IV (24>

VIy d

Nevertheless, its influence is not that significant and it can be neglected in-
creasing the simplicity and not affecting to the reliability of the model. More-
over, in the simplified model (eq. 19), the influence of Iy, in the lateral “time
constant” is quite small.

7 Comparison to other models

The model proposed here (UPCT-A) is compared in this section with Schlez
& Infield model, which is described above (eq. 3), and with the model fitted

12
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to data of the Hgvsgre test station (Sgrensen et al., to appear).

As we have seen the model UPCT-A as well as Hovsgre model agrees with the
inflow angle dependence introduced by Schlez & Infield. And so, the longitu-
dinal and lateral decay factors can be compared in a separate way.

The longitudinal decay factor predicted by the three models can be seen in
figure 12, in which it is shown that the three models agree in suggesting
a constant value for the decay factor. However, the value suggested by the
Schlez & Infield is significantly different from the values proposed here and
by Hgvsgre model. This can due to the different time and length scale of
the Schlez & Infield model, because its experiments were carried out using a
distance between the points up to 100 m and a height above ground of 18 m.

Regarding the lateral decay factor, the comparison between the three models

= DawBEWS <8
Data: 8 2 W5 < 10
al - : % Data 102 WS < 12
Decay factor * —— Model UPCT-A:8 SWS < 8
: : Model UPCT-4:8 £ W3 < 10
— hodel UFCT-4: 102 W5 < 12

D Bs WS D
14l JOU T VO R i i . Data: 8 5 WS < 10
Decay factor o : o Dat 0= WE <12
: : Madel UPCT-#: 4 5 WS < 6
2k : : Modsl UPCT-f: 8 WS 10 |
4 : —— Model UPCT-A: 12 < WS < 14

10 -

1 1 1 1 1 I
o 500 1000 1500 2000 2500 3000 3500 4000 4500

Distance (m)

Figure 10. Comparison between the “measured” decay factors and the model UP-
CT-A in the lateral situation.

13
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Figure 11. Comparison between the “measured” decay factors and the model UP-
CT-A for inflow angles between 65 deg. and 84 deg.

Decay factor

S S
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Figure 12. Comparison between the model UPCT-A, Hgvsgre model and the
Schlez& Infield model in the longitudinal situation.

can be found in figure 13. Schlez & Infield and Hgvsgre model do not predict
the distance dependence shown above. However, meanwhile Hgvsgre predicts
decay factors that are close to the model here presented for medium-high wind
speeds and distances greater than 3 km., Schlez & Infield overestimates clearly
the decay parameters in all the investigated distances, specially when rising
the wind speed, which makes the predicted decay factor really huge. This
overestimation would lead to an underestimation of the power fluctuations,
if that model is used in this frame. Nevertheless, as it was expected if we
consider a constant small distance, there is a qualitative agreement between
the three models considering a;.; ~ V.

14
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Figure 13. Comparison between the model UPCT-A, Hgvsgre model and the
Schlez& Infield model in the lateral situation.

8 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, the Schlez & Infield
model predicts coherence values that are far from the experimental data shown
here.

In those experimental data is shown that whereas the longitudinal situation
can be modelled by means of a constant decay factor, there is a strong depen-
dency between the decay factor in the lateral situation and the distance and
wind speed.

From those differences, a model for the coherence has been developed. That
model provides the spectral coherence between wind speeds located in a hor-
izontal plane corresponding to hub height of wind turbines in a large wind
farm. For the shake of simplicity, a reduced model is also provided.

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.

The influence of the turbulent intensity has been analysed, suggesting a model

that includes that parameter, however it is shown that its influence is not that
important.

15
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This coherence model can be used for improving power fluctuation simulations
in offshore wind farms and even for evaluating the shape of large wind farms
from this point of view.

Wake and other effects can be introduced for instance as it was described
in several works (Serensen et al., 2002; Frandsen, 2005; Sgrensen et al., to

appear).
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