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Abstract.

Because the horizontal homogeneity assumption is violated in wakes flows, lidars face
difficulties when reconstructing wind fields. Further, small-scale turbulence which is prevalent
in wake flows causes Doppler spectrum widths to be broader than in the free stream. In this
study the Doppler peak variance is used as a detection parameter for wakes. A one month
long measurement campaign, where a continuous-wave lidar on a turbine has been exposed to
multiple wake situations, is used to test the detection capabilities. The results show that it is
possible to identify situation where a downstream turbine is in wake by comparing the peak
widths. The used lidar is inexpensive and brings instalments on every turbine within economical
reach. Thus, the information gathered by the lidars can be used for improved control at wind
farm level.

1. Introduction

Within a wind farm wakes from neighbouring turbines cannot be avoided; optimal wind farm
design can minimize these effects but never completely avoid them. Much effort has been put
into wake models as wind farm design tools (for an overview see [1]) and their validation, while
significant interest in measuring wake with the use of remote sensing devices originates from
optimal wind farm operation using wake redirection.

In this paper we want to present a novel method of detecting wakes by using a forward-
looking nacelle lidar. Information of the detection can be applied as input to wind farm based
yaw steering.

A very straight-forward approach to detect wakes was introduced by [2] of merely using wind
farm SCADA data. Aim was to reduce turbine fault activations that are caused by wakes. Based
on turbine data a wake pattern for each turbine was measured and used to decide in real time
whether a power reduction was due to a wake or an actual fault.

An alternative method to detect wakes was presented in [3]. The local wind speed and
turbulence intensity are derived from strain gauges or optical fibres. It was shown that this
method is capable of detecting differences of these quantities on the two sides of the rotor and
thus detect wakes. These theoretical methods have more recently been studied on scaled wind
turbines in a wind tunnel showing similar success of detecting the lateral position of upstream
wakes [4]. One drawback of this method is that to estimate wind speeds from blade bending
moments requires an aerodynamic model of the turbine. Wind farm operators often do not have
access to this kind of information.
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Remote sensing devices have shown potential at measuring wakes. Studies have shown
application to detecting aircraft tip vortex using ground-based [5] and on-board devices [6].
Further lidar ship wake detection has been studied in [7].

Most recently, interest has grown in the application of lidar systems to wind energy. [8, 9]
have used a scanning lidars to track the wake behind a turbine and measured wake deficit, width
and centre. In [10] two lidar systems were used to measure a wake immediately behind a turbine.
The study was extended in [11] to investigate the influence of the stability of the atmosphere
on wake recovery. However, these lidar systems are very complex and expensive and are not
realizable as commercial products for employment of several turbines within a wind farm.

Here we are presenting wake detection capabilities of an inexpensive, commercial lidar. It
is mounted on the nacelle and measures the incoming wind field and thus our interest lies in
detecting wakes in the inflow.

2. Experimental Setup and Motivation

The data analysed here have been gather during a one month long period in late 2015. A
WindEYE lidar by Windar Photonics A/S was mounted on a Vestas V52 at the Risg test site.
A schematic of the setup is shown in figure 1. The Vestas turbine, where the WindEYE was
mounted, was exposed to a wake of a smaller Nordtank 500kW turbine, see figure 2.

Figure 1. Setup schematic of the WindEYE

lidar on a wind turbine (a = 30 deg). Figure 2. Overview of the Ris test site.

The lidar is mounted on the nacelle of a wind turbine and is looking upwind to measure
the incoming wind field. From the two measured line-of-sight velocities (vr,0s,1 and vros2) the
horizontal components (U and W) of the wind can be estimated. In the process it is necessary
to make the following assumptions about the incoming wind field:

(i) The wind field is horizontally homogeneous and

(ii) no vertical components.

In situations where the turbine is exposed to a wake of an upstream turbine, assumption (i)
is heavily violated and thus the derived wind field information will be invalid. Thus a wake
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detection algorithm is necessary to identify conditions where the applied assumptions are not
valid.

3. Approach

The approach is based on the assumption that the lidar can detect enhanced turbulence, and that
this enables the system to determine whether one or more beams of the system are measuring
inside wakes. However, turbulence measured with a lidar is affected by the relatively long
effective measurement volume. The lidar effectively averages the wind speeds within the volume
[12].

Small-scale turbulence manifests itself in the width of the Doppler peak of the lidar, so
that the width is a measure of the small-scale turbulence [13, 14]. Specifically, it has been
shown that the width of the Doppler spectrum of a continuous-wave lidar is proportional to the
turbulence intensity within the probe volume of the instrument [15]. At the same time, it is
known that small-scale turbulence, which would be particularly responsible for increasing the
Doppler spectrum width, is prevalent in wakes [16, 15].

As a measure of the Doppler spectrum width we use the 2nd central statistical moment of
the peak. The first moment is defined as the centroid. In order to reduce noise in the width
estimation a running average filter with a size of 600s has been used.

4. Results
In this section two periods are presented: one with a wake situation and one without a wake
situation.

The results for the first period are shown in figure 3. The top panel shows the difference in
peak variance between beam 1 and 2. Two vertical lines at 20 and -20 are also plotted. Large
differences indicate enhanced turbulence levels, and thus a wake, in one of the beams. The
centre panel shows the yaw position of the two turbines including an indication of the wake
sector. The bottom panel shows the power production of the wake-emitting turbine.
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Figure 3. Top: difference of peak variance between beam 1 and 2. Centre: yaw position of
both turbines. Bottom: Power production of Nordtank turbine.

It can be seen that as soon as the upstream turbine is expected to emit a wake on the
downstream turbine (based on their yaw positions), there is a sudden jump in the difference of
the peak variances. This is shown especially after Dec 23rd 12AM, where a negative spike in
variance difference can be seen as soon as a wake position is entered. This means that a wake on
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the left half of the rotor is detected, which agrees with the yaw position showing higher values
than the wake direction (195 deg). Similarly, the period around the Dec 24th 12AM shows a
wake on the right half of the rotor (positive difference in peak variance), which is also confirmed
by the turbine yaw position. Hence, the sign of the peak variance difference can detect a wake
situation and show which half of the rotor is affected.

Figure 4 shows the results for a period where according to the yaw positions no wake situation
is expected. When looking at the difference in peak variance, it can be seen that at all time
the values fluctuate around zero. Contrarily to the wake situation no sudden deviation in peak
variance difference can be seen and so no wakes are predicted by the lidar.
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Figure 4. Top: difference of peak variance between beam 1 and 2. Centre: yaw position of
both turbines. Bottom: Power production of Nordtank turbine.

5. Conclusion
This study investigated the wake detection possibilities of a nacelle lidar. It was shown that
by comparing the Doppler peak width of the two line-of-sight velocities wake situations can be
predicted. A suitable measure of the peak width is the 2nd central statistical moment. The sign
of the peak width difference indicates which side of the turbine is exposed to a wake. A challenge
remains in setting appropriate thresholds for the difference of peak variances. Such a limit is
probably dependent on ambient turbulence levels and future experiments will be conducted to
test the algorithm in different turbulence levels.

Wake detection is mnecessary to identify where the assumption used for wind field
reconstruction are violated. Further, information about the position of wakes is very valuable
information and can be exploited for wind farm control.

Acknowledgments
This study was supported by Innovationsfonden Danmark in form of an industrial PhD stipend
(project number: 5016-00182).

References
[1] Vermeer L J, Sgrensen J N and Crespo A 2003 Prog. Aerosp. Sci. 39 467-510 ISSN 03760421
[2] Yan Y, Zhang J Z and Karayaka H B 2015 Int. J. Progn. Heal. Manag. 1-12
[3] Bottasso C L, Cacciola S and Schreiber J 2015 J. Phys. Conf. Ser. 625 012007 ISSN 1742-6588 URL
http://dx.doi.org/10.1088/1742-6596/625/1/012007



Wake Conference 2017 IOP Publishing

IOP Conlf. Series: Journal of Physics: Conf. Series 854 (2017) 012020 doi:10.1088/1742-6596/854/1/012020

Schreiber J, Cacciola S, Campagnolo F, Petrovi¢ V, Mourembles D and Bottasso C L 2016 J. Phys. Conf.
Ser. 753 032027 ISSN 1742-6588

Harris M, Young R I, Koepp F, Dolfi A and Cariou J P 2002 Aerosp. Sci. Technol. 6 325-331

Douxchamps D, Lugan S, Verschueren Y, Mutuel L, Macq B and Chihara K 2008 IEEE Trans. Aerosp.
Electron. Syst. 44 1276-1290 ISSN 00189251

Bunkin A F, Klinkov V K, Lukyanchenko V a and Pershin S M 2011 Appl. Opt. 50 A86-A89 ISSN 0003-6935

Wang H and Barthelmie R J 2015 J. Phys. Conf. Ser. 625 012017 ISSN 1742-6588

Aitken M L, Rhodes M E and Lundquist J K 2012 J. Atmos. Ocean. Technol. 29 347-355 ISSN 07390572

Tungo G V, Wu Y T and Porté-Agel F 2013 J. Atmos. Ocean. Technol. 30 274-287 ISSN 0739-0572

Tungo G V and Porté-Agel F 2014 J. Atmos. Ocean. Technol. 31 20352048 ISSN 0739-0572

Sathe A and Mann J 2013 Atmos. Meas. Tech. 6 3147-3167 ISSN 18671381

Angelou N, Mann J, Sjoholm M and Courtney M 2012 Rev. Sci. Instrum. 83 ISSN 00346748

Branlard E, Pedersen A T, Mann J, Angelou N, Fischer A, Mikkelsen T, Harris M, Slinger C and Montes
B F 2013 Atmos. Meas. Tech. 6 1673-1683 ISSN 18671381

Larsen G C, Hansen K S, Mann J, Bingdl F and Enevoldsen K 2010 Sci. Mak. Torque from Wind

Larsen G C, Madsen H A, Thomsen K and Larsen T J 2008 Wind Energy 11 377-395 ISSN 10954244



