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Abstract

Within an offshore wind park, wind flow characteristics are quite complex and govern both the energy production and the
structural wind turbine response. An experimental study focussed on assessing the spatial variability of winds near the German
offshore wind energy platform FINO1 was conducted using multiple remote sensing devices. This study focuses on measuring
the wind turbine wake characteristics, such as velocity deficit, the extent (length and width) of the wake and wake meandering
under various atmospheric conditions using the data collected from a single scanning Doppler Lidar for several months in 2016.
A new algorithm based on using a Gaussian model to measure the downwind wake characteristics is developed. The wind
turbine downwind wake deficits compared well to previous models at far-wake regions, while at near-wake regions the models
deviated due to different instruments & methodologies used in measuring the wake characteristics. It was also observed that the
length of the Alpha Ventus wind turbine wake varied from 3 to 15 times the Rotor Diameter (RD), and the maximum velocity
deficit varied from 55% to 75% of the free-stream wind speed, depending on mean wind speed and atmospheric stability.
Detailed analysis of the Alpha Ventus wind turbine wake characteristics is presented.
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1. Introduction

The effect of offshore wakes on wind turbines is a topic of increasing interest for several wind energy developers.
Wind turbine spacing is majorly constrained by the effect of wind turbine wakes on downwind turbines. The improved
quantification of the role of wind turbine spacing on power losses due to wind turbine wakes is a major focus of
several companies. If the effect of turbine spacing on power losses and fatigue load due to wakes can be quantified,
then this can be used to optimize wind farm layouts and thereby reduce the overall cost of a wind farm. Quantifying
various characteristics of wake behavior, such as length, width, velocity deficit and wake meandering, is important
for designing future wind parks as well as estimating its Annual Energy Production (AEP).

Measurements of the wind turbine wakes has been recently improved due to the use of remote sensing devices.
These devices provide the ability to measure the complex flow of wind turbine wake interactions during various
atmospheric conditions. Several studies have been conducted to measure the wake of a wind turbine using vertical
remote sensing profilers (such as Lidars or Sodars) to estimate wake parameters at selected downwind distances from
awind turbine [1-3]. Commercial short-range vertical profilers provide accurate measurements of 10-minute averaged
horizontal wind speed and wind direction given the atmosphere is spatially homogeneous. During inhomogeneous or
complex flow conditions vertical profilers, which use Doppler Beam Swinging (DBS) techniques, provide less
accurate measurements compared to standard in-situ measurements [4,5]. Although such profilers cover the entire
rotor swept area at a given location, they do not have the capabilities to measure the entire 3-Dimensional (3D) wind
turbine wake. Nacelle-mounted Lidars have proven to provide accurate mean wind ahead of the wind turbine [6,7],
but have the same limitation as vertical profilers while measuring complex flows (assumes homogeneity of winds
within a given range sector). Scanning Doppler Lidars can characterize wind flow over a large domain, ranging from
several tens of kilometers [8-11] to 3-4 kilometers by recent fiber based coherent Doppler Lidars [12-15]. Scanning
Doppler Lidars have proven the ability to estimate the length, width and deficit of wakes in a variety of atmospheric
conditions [16-19].

To measure the wind turbine wake characteristics, a scanning Lidar can be placed on the nacelle of a wind turbine
[18] or on a platform/ground a few hundred meters away from the wind turbine [17, 20], both these methods have
their own advantages and disadvantages. The scanning Lidar measurements from a wind turbine nacelle provide hub-
height view several kilometers downwind of the wind turbine but could be affected by the dynamic vibrations of the
wind turbines thus resulting in large fluctuations in measurement height at longer distances. For example, a vibrational
effect causing a +0.2-degree deviation in the elevation angle will result in the Lidar measuring £13.96 m above or
below the intended measurement height at 4 kilometers. Therefore, either appropriate motion stabilization platforms
need to be designed for dynamically compensating the vibration from the wind turbines or appropriate algorithms
should be developed to account for the dynamic change in elevation height between successive beams. Most modern
fiber-optic based scanning Lidars cannot withstand the vibrational effects and could cause serious damage to the
hardware unless appropriate measures are taken to secure the device to the wind turbine. Ground-based scanning
Lidars do not provide constant hub-height measurements at all the downwind distances, due to higher elevation angles
needed for measuring the hub-height, but provide more stable and reliable measurements over the duration of the
campaign. For offshore conditions, the scanning Lidars can be placed on top of an existing platform which provides
a reasonable height to scan the hub-height of modern wind turbines at low elevation angles. This would reduce the
cost of deployment, provide measurements which are not affected by the vibrations of a wind turbine, and provide
easy access to the instrument during installation/de-installation and troubleshooting, if required.

In this paper, results from an intensive offshore measurement campaign conducted from an offshore research
platform will be presented. In particular, wind turbine wake measurements by a Windcube 100S scanning Doppler
Lidar will be discussed. The Windcube 100S Lidar had the ability of measuring up to a distance of 3 kilometers,
covering several wind turbines in its field of view. A new algorithm is developed to quantify several wake attributes
such as the wind velocity deficit several hundred meters downwind of the wind turbine, length of the wind turbine
wake and deviation of the wake centerline from scanning Lidar measurements. The details of the measurement
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campaign setup and methodology are presented in Section 2 & 3, while the results and summary are presented in
Section 4 & 5, respectively.

Nomenclature

VD Velocity Deficit

U Velocity inside the wake of the wind turbine

Ua Free-stream velocity outside the wake of the wind turbine
Wo Length of the wind turbine wake

Wc Wake centreline

X Lateral distance perpendicular to the wind turbine

\ Doppler Lidar radial velocity

u Zonal velocity

v Meridional velocity

w Vertical velocity

RD Rotor Diameters

D Downwind distance by rotor diameter [Non-dimensional parameter]
PPI Planned Position Indicator [constant elevation scans]

RHI Range Height Indicator [constant azimuth scans]
MSL  Mean Sea Level

2. Experiment Site & Setup

The OBLEX-F1 (Offshore Boundary-Layer Experiment at FINO1) campaign was performed at the German wind
energy research platform FINO1, which is located approximately 45 kilometers off the German island Borkum in the
North Sea (NORCOWE web page: http://norcowe.no/). The key purpose of the campaign was to gain improved
knowledge of the marine atmospheric boundary-layer (MABL) affecting the performance and the production of the
near-by wind farms. In order to provide a unique data set for boundary-layer stability in offshore conditions,
simultaneous measurements of wind, temperature and humidity profiles in the MABL were performed. The collected
observational data will be used to validate and improve numerical models and tools e.g. weather forecasting, marine
operations and wind farm layout optimizations (NORCOWE web page: http://norcowe.no/).

As part of a measurement campaign performed by the Norwegian Centre for Offshore Wind Energy (NORCOWE),
two Windcube 100S, amongst others, were installed on the south-east side of the FINO1 platform in May 2015 (shown
in Figure 1 & Table 1). In August 2016, exploratory tests were dedicated to wind turbine wakes by using a sequence
of Planned Position Indicator (PPI) and Range Height Indicator (RHI) scans. Details on the specific scan patterns
used for the analysis in this paper are shown in Section 2.2.
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Fig. 1. (a) Alpha Ventus wind farm and the offshore wind farm orientation in North Sea near FINOI platform (Wikipedia); (b) deployment of the
scanning Doppler Lidar on the FINO1 platform overlooking the offshore wind farm (NORCOWE web page: http:/norcowe.no/).
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In this paper, measurements only from a single scanning Doppler Lidar are studied and the Lidar specifications are
provided in Table 2. Future work would entail combining the measurements from several of the above mentioned
measurements.

Table 1. Location of the Lidar and wind turbines

Lidar/Wind Turbine UTM Easting (m) UTM Northing (m) Height (m)
Scanning Doppler Lidar 341942.58 5987859.17 235
Turbine Hub Height AV4 342346.00 5987796.81 90
Turbine Hub Height AV7 342341.25 5987036.05 90
Turbine Hub Height AV10 342336.11 5986238.12 90

2.1. Meteorological Conditions

The FINOI platform mast is instrumented to measure the horizontal wind speed, direction and temperature at
several heights (33, 40, 50, 60, 70, 80 and 90 m above mean sea level (MSL)). During the months August to September
2016 (study period), the wind directions were predominantly from south — south west, as shown in Fig 2. The FINO1
met-mast is approximately 405 m away from the closest wind turbine at the Alpha Ventus wind farm. Due to the
limitations in the proposed algorithm in Section 3 and location of the scanning Lidar relative to the wind turbines,
measurements only from north — north westerly direction were used for the below analysis.
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Fig 2. Wind rose of the FINO1 site for the months of August & September, 2016 at 90 m above MSL.
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Fig 3. a) Horizontal wind speed probability distribution function at 90 m above MSL, showing a bi-modal distribution, and the Weibull fit
shown in red for the months of August & September, 2016, b) Turbulence Intensity at 90 m for the same time period with a Log-normal fit.
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The wind speed distribution, in Fig 3a, shows a mean wind speed of approximately 7.5 m/s for the months of August
& September, 2016. A bi-modal distribution is observed in the data, with a Weibull shape parameter (k) of 8.11 and
scale parameter (C) of 2.16. The wind industry standard Weibull fit does not provide an accurate fit to the data
observed at FINOI1. Low turbulence intensity, mostly less than 0.1, was also observed (shown in Fig. 3b).

2.2. Scanning Strategy

The scanning Lidar were placed on the FINO1 platform, which was 21 m above mean sea level. The hub-height
of the Alpha Ventus AV7 to AV12 wind turbines is 90 m, with a rotor diameter of 116 m. The scanning Lidar
performed repeated PPI scans at hub-height in the direction of AV7 Wind turbine (Fig 4). A 48-degree sector PPI
scan was performed at an elevation angle of 4.62 degree with a scan rate of 1 degree per second (resulting in an
azimuthal resolution of 15 m at wind turbine AV7), as shown in Table 3. This resulted in approximately 12 scan
repetitions every 10 minutes. The range-gate size or radial resolution of the Lidar is 25 m, for dense measurements
surrounding the wind turbine. Fig. 4 shows the scan coverage and the respective distances between the Lidar and
Alpha Ventus wind turbines.
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Fig. 4. Location of the wind turbines under investigation with respect to the scanning Doppler Lidar. The scan pattern used for the analysis is
also displayed (dashed red lines).

Table 2. Windcube scanning Doppler Lidar Specifications

Lidar Specifications Value
Eye Safety Class 1M
Wavelength (pum) 1.54
Pulse Energy (nJ) 100
PRF (Hz) 10000
Pulse Averaged 10000
Pulse Duration (ns) 150
Range-gate interval (m) 25
Velocity Precision (cm s) <20
Minimum Range (m) 50

Maximum Range (m) 3000
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Table 3. Scan pattern for the data analyzed

Scan Pattern Azimuth Elevation Scan rate Averaging
(deg) (deg) (deg/sec) (secs)
Planned Position Indicator (PPI) 131.5-179.5 4.62 1 1

2.3 Data Filtering

The scanning Lidar data was filtered based on the Carrier to Noise Ratio (CNR) of the instrument, as recommended
by the manufacturer. A threshold of -24 dB was applied to further filter the data out, which removed significant
amount of bad data. Due to the presence of wind turbines, the radial velocity surrounding the wind turbine also gets
affected, also known as range-gate bleeding. When a part of the Lidar pulse, approximately 28 m for the Windcube
1008, hits a hard-target it creates a spike in the measurements. Therefore, the surrounding measurements along the
radial and azimuthal direction are impacted by the range-gate bleeding. This results in spurious estimates of the radial
velocity surrounding a hard-target and should be filtered. A gradient filter based on CNR jumps between successive
beams and range-gates is used to remove the remainder of spurious data. In the analysis below the filtering
methodology proposed in [21] is also used to filter out spurious radial velocity data.

3. Estimation of wind turbine wake parameters

The scanning Lidar provides a projection of the wind in the direction of the Lidar beam, which can be used
to visualize and estimate various wake characteristics. The radial velocity measured by the Doppler Lidar is given
by:

V. =usin@cosf + vcos@cosO + wsin b (1)

where, V'r is the radial velocity; [u, v, w] are the three components of wind speed, @ is the azimuth angle and
0 is the elevation angle of the scanning Doppler Lidar. Therefore, if the wind direction is along the line of sight of
the Lidar measurements the radial velocity is equal to the horizontal wind speed.

The wind turbines were located between 500 to 900 m away from the scanning Lidar which has a maximum
acquisition range of 3000 m, and the true range depends on atmospheric conditions and aerosol loading at a given site.
The methodologies implemented in [17] & [18] were partially used to estimate the wind turbine characteristics, such
as the wind velocity deficit (VD), wake centerline (W.) and wake length (Wy). The radial velocity measurements
were averaged over 5 minutes for the results shown in this paper. Ideal conditions for this algorithm to work are:

1. The wind direction should be nearly aligned with the Lidar-turbine azimuth direction, since winds
perpendicular to the Lidar-turbine axis would have radial velocities almost equal to zero. Therefore,
only wind directions 330 + 30 degrees has been used in the analysis below.

2. The Lidar elevation angle should be focused close to hub-height of the wind turbine and lower elevation
angles are preferred

3. The azimuth extent of the scan should be sufficiently large to cover the length of the wake (in this study
a 48-degree sector width was used)

The velocity deficit (VD) of a wind turbine is defined as

U(R,x)
UA (R,x’)

VD (Rx) = (1- ) x 100% @)
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where U, is the mean ambient wind speed outside of the wake, U is the mean wind speed within the wake
downstream of the wind turbine, R is the downwind distance from the wind turbine, x is the lateral distance
perpendicular to the wind turbine axis, and x’ is the free-stream distance away from the wind turbine (1.6 D).

The various steps in the algorithm are detailed below:

1. The horizontal wind direction is calculated ahead of the wind turbine using the methodology described in
[21]. The algorithm performs a single value decomposition of a sector of data ahead of the wind turbine.
The output is averaged U & V components of the wind speed over the entire sector chosen (48 degrees for
this setup), which is then used to estimate the horizontal wind direction. Fig. 5 shows the measurements
from scanning Lidar, 100 m ahead of the wind turbine, and FINO1 met-mast, 7.4 Rotor Diameters (RD)
ahead of the wind turbine at the same height (90 m above MSL)).
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Fig.5. Horizontal wind direction measured ahead of the wind turbine by the scanning Lidar and FINO1 Met-mast at 90 m from August 31* to
September 7™, 2016.
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2. Ifthe wind direction (6,) was measured to be within 330°+ 30 degrees ahead of the wind turbine, then

a. The downwind locations, as shown in Fig. 6, along the center-axis of the wind turbine wake (R) is
identified based on the wind direction ahead of the wind turbine [17].

b. The location of the free-stream wind speed (U,) is identified as 1.6 RD away from the turbine’s
wake center-axis in the predominant wind direction, i.e., Ua (R) =U (R’, 1.6 RD).

c. To estimate the center of the wind turbine wake, measurements from a perpendicular axis (x”)
spanning 250 m from the wind turbine center-axis (R) is collected.
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Scanning
Lidar

Fig 6. Tllustration of the Doppler Lidar scan to determine the AV7 wind turbine’s wake locations downwind of the wind turbine. The wind
direction 6, is calculated from lidar data ahead of the wind turbine and the direction between the Lidar and turbine is given as 0 with distance b.
The free-stream wind speeds are measured parallel to the wake direction, from point A, separated by distance x’.

d. A Gaussian fit is applied to the measurements along the perpendicular axis, to estimate the
velocity deficit. The velocity deficit is defined as

x—B12
VDsie(R,x) = K eI (3)

where K, B & C are coefficients of the fit. The location of the maximum velocity deficit was used
to estimate the center of the wake (W.) at all downwind distances. The Gaussian fit to the velocity
deficit estimated at multiple downwind distances from the wind turbine is shown in Fig. 7. The
wake centerline (W.) is then defined as

W, (R) = max[VDy;; (R,x)] (4)

e. The wind turbine wake length (W¢) is defined as the distance when the velocity deficit reaches
less than 5% of the free-stream wind velocity. Fig. 8c shows velocity deficit as a function of rotor
diameters downwind of the wind turbine.
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Fig. 7. a) Scanning Lidar radial velocity plot on September 8™, 2016 at 2200 UTC with a zoomed in view of the wind turbine wake, wake
centerline as estimated by the Gaussian fit (open red diamond), free-stream wind speed location (magenta line), wind turbine centerline (black
line) [In this plot: negative radial velocity is winds going away from the Lidar and positive radial velocity is winds coming towards the Lidar].
The lateral cross-sections at 237 m and 437 m downwind of the turbine is also shown. b) the Gaussian fit (Equation 3) on the velocity deficit

estimated as shown in Equation 2 at 237 & 437 m downwind of the wind turbine. The lateral location at the maximum velocity deficit is
estimated as the wake centerline.
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Our wake “geometry” observed is at an increasing height at an increasing distance from the wind turbine (contours in
Fig 8a). If we assume that the wake has an idealized axisymmetric /conical shape, we could in future attempt a correction
for a variable height, by increasing the observed wake width by a factor accounting for the difference between a (vertical
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circle parallel to the rotor) diameter and a circle secant line. In this formulation, since the SCADA data was unavailable,
the yaw error is assumed to be 0 i.e., the rotor plane is always assumed to be perpendicular to the flow.

4. Results

Offshore wind turbine wakes generally decay more slowly unlike onshore wind turbine wakes due to lower
turbulence levels, requiring the offshore wind turbines to have larger separation distances when compared to the
onshore wind turbines. This has major financial consequences due to the additional costs for underwater cabling,
operational & maintenance (O&M) costs etc. Therefore, it is of interest for wind farm developers to evaluate the
decay of wake with downwind distance from the wind turbine. Several studies have been performed in evaluating
the decay of wake from single and multiple wind turbines [1, 17-20]. Aitken et al., 2013 summarized wake data
from a number of onshore and offshore sites. The relative velocity deficit (VD) against downwind distance was
given as:

= =56D7°% (6)
A

where AU is the velocity difference between the mean stream wind speed (Ua) and velocity at the wake of the wind
turbine, D is the normalized downwind distance (i.e., the downwind distance from turbine by the rotor diameter).

The resolution of the Lidar data is 25 m in the radial direction and 15 m in the azimuthal direction (at the
location of the turbine). This high resolution data revealed two trends in the velocity deficit, 1) an increase of
velocity deficit in the “near wake” region of the wind turbine up to 2 RD and ii) an exponential decay of velocity
deficit till it reaches free-stream velocity. Fig. 9 shows the average velocity deficit over the period of study as a
function of downwind distance. The magnitude of velocity deficit depends on the mean incoming wind speed,
coefficient of Thrust (C;) of the wind turbine, atmospheric stability of the surrounding region and interaction of the
wake with the neighbouring wind turbines. Therefore, Fig. 9 shows the average trends, over 252 samples, observed
during summer time periods (August — September, 2016) at the FINO1 platform. Approximately 40% of the overall
data was determined invalid, since the turbine was turned off. This was determined by removing data which have
less than 20% velocity deficit within 2 rotor diameters downwind of the wind turbine.

To compare the data obtained with other field experiments shown above, a regression fit to the data was
performed. The fit to the near-wake data (< 2 RD) is shown in Equation 7 below

20 = 0.65D00° 7
Ua

and the far wake mode (> 2 RD) is shown in Equation 8 below

= =150D"112 ®)
A

The Coefficient of Correlation (R?) between the model and far & near wake data are 94.5% and 87.45%,
respectively. Fig. 9 also overlays the observed fit to the data and other field experiments. Previous models were based
on measuring wind speed deficits at select downwind distances using vertical profilers or tall met-masts. Further,
fewer samples were available to develop statistically significant models. As shown in [4], the DBS approach that has
been used to characterize wind turbine wakes using Sodars or vertical Lidar profilers can result in higher uncertainties
of wind speed measurements due to the inhomogeneous flow inside the turbine wake region. An error of 1 ms™!' in
wind speed estimation can result in approximately 10% difference in velocity deficit. Therefore, the uncertainty of
the previous field experiments without a scanning Doppler Lidar could underestimate the overall velocity deficit of
the wind turbine wake. The results shown in Fig. 8 are closer to visual trends observed from [17, 18], where
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measurements from a scanning Doppler Lidar was used to estimate the velocity deficit, but no models were established
in [17,18], hence they cannot be compared.
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Fig. 10. Observed velocity deficit during day (0700 UTC to 1800 UTC, 154 samples) and night time (1801 UTC to 0659 UTC, 98 samples).
Scanning Lidar retrieved velocity deficits from August to September, 2016.

Fig. 10 shows the velocity deficit observed during daytime and night time. The velocity deficit during night time
is approximately 4-11% greater than velocity deficit observed during day time for the AV7 wind turbine at FINO1
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platform. The maximum velocity deficit during daytime conditions is observed to reach at around 1.3 RD (176.8 m)
downwind while at night time it is observed at 1.7 RD (231.2 m) downwind of the turbine. In offshore conditions,
the Sea Surface Temperature (SST) during summer months does not vary much when compared to land surface
temperatures. Therefore, the effect of daytime and night time variability could be different for both cases, but
generally depends on the geographic location and other atmospheric conditions. Fig. 11 shows wind turbine wakes
observed during two instances, shorter wake during daytime and longer wake during night time. The velocity deficit
persists over a longer distance during night time, sometimes greater than 15 RD (Fig. 12). During daytime conditions
the wake length is observed to vary between 3RD to 7RD (as shown in Fig. 11 & 12). Wake length of a single wind
turbine is generally a function of 1) Incoming wind speed and thrust coefficient (Ct) and 2) atmospheric stability
parameters. For offshore conditions, the thermal stratification is low, due to lesser temperature gradient between the
air and ocean, while the effect of wind shear is high. The high wind shear could result in larger wake lengths in
offshore conditions. Therefore, the variability of wake lengths observed during day and night time can be attributed
to increased shear conditions observed in FINO1. This will need to be investigated further and is currently beyond
the scope of this study.
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The wake centerline as estimated using the Gaussian fit, shows that the wake meandering was significant during
the study period. Fig. 13 shows the deviation of the wind turbine wake centerline from the wind turbine axis. It was
observed that a maximum deviation of approximately 20 deg from the wind turbine wake centerline was observed.
This is significant and is a salient factor for future development of wind farm control techniques using wake re-
direction [21-24] and designing future offshore wind farms.

5. Conclusions

The wind turbine wake characteristics observed at FINO1 showed interesting attributes of the behavior of offshore
wakes. The wind turbine wake detection algorithm, which uses ground based Doppler Lidar for estimating the various
characteristics of the wind turbine wakes, behaves well and provides deeper insights into the dynamic behavior of the
wind turbine wakes. Unlike the nacelle mounted scanning Lidar, the ground based scanning Lidar provide steady
measurements and are not affected by the vibrations from the wind turbines. Although the wake geometry of ground
based Lidars increases with height, it provides undisturbed measurements which are needed for analyzing complex
wake flows. Two empirically derived wind turbine wake models are proposed based on proximity to the wind turbine.
These models are specific to the Alpha Ventus wind turbines and specific to the region. Previous wake models showed
similar trends at far-wake regions, compared to near-wake regions. The effect of day and night time showed interesting
trends for offshore conditions. The night time wake lengths were observed to be larger than the daytime wake lengths.
This could be attributed to possible high shear and low thermal stratification conditions compared to onshore locations.
Further investigation of the effect of offshore stratification and shear needs to be studied using modified Richardson
number profiles within the wake of the wind turbine.

Instruments such as scanning coherent Doppler Lidars help bridge the gap between models and observations.
The use of scanning Doppler Lidar for continuous monitoring of the wind farm is gaining interest, and integration of
advanced algorithms to continuously track the dynamic wake characteristics would aide in improving wind farm
performance.
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