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Abstract. Sandia National Laboratories and the National Renewable Energy Laboratory
conducted a wake-steering field experiment at the Scaled Wind Farm Technology facility. The
campaign included the use of two highly instrumented V27 wind turbines, an upstream
meteorological tower, and high-resolution wake measurements of the upstream wind turbine
using a customized scanning SpinnerLidar from the Technical University of Denmark. The
present work details how the SpinnerLidar data uploaded to the Department of Energy
Atmosphere to Electrons Data Archive and Portal was processed, quality controlled and assured
to guarantee high data availability with the removal of invalid measurements. A multi-
dimensional approach to processing the SpinnerLidar Doppler spectra was developed based on
matching erroneous measurements within the two-dimensional lidar scan with patterns inside the
multidimensional lidar Doppler spectra. This method allows image processing techniques to be
used to remove regions of the Doppler spectra that are contaminated by hard targets and isolate
the velocity field of interest, allowing more accurate line-of-sight velocity measurements and
enabling the estimation of the turbulence of the line-of-sight velocities within the probe volume.

1. Introduction

Wind turbine wake structure, evolution, and dynamics are produced by a complex interaction of the
atmospheric conditions and wind turbine characteristics [1]. Understanding and predicting these
interactions with credibility can be challenging for many modelling tools [2]. Thus, straightforward data
of sufficient quality for validation with simple boundary conditions are needed to help understand these
interactions and improve model development with increased confidence [3]. An important aspect for
producing data of appropriate quality for conducting validation is ensuring that the data have been
accurately quality controlled and assured prior to use. The quality assurance and control (QA/QC)
methods confirm the quality of data and that erroneous measurements, which could misinform future
analyses, are removed.

A team of researchers at Sandia National Laboratories (SNL) conducted a field experiment at the
Department of Energy (DOE)/SNL Scaled Wind Farm Technology (SWiFT) facility [4] to investigate
wind turbine yaw control on the performance of an aligned pair of wind turbines and produce validation
data by measuring the inflow, turbine response, and wake characteristics. The field test measured the
power and loads of the upstream turbine under various yaw offset angles in addition to the power and
loads of the downstream turbine versus the upstream wake position [5]. The experiment included the
use of the Technical University of Denmark (DTU) SpinnerLidar, which was uniquely capable of
measuring the wake at the temporal and spatial resolution required for the experiment, to characterize
the wake dynamics and velocity deficit measurements under various inflow conditions and upstream
wind turbine yaw offsets [1, 5-7]. Data collected as part of the multi-month field campaign have been
made publicly available through the DOE Atmosphere to electron (A2e) Data Archive and Portal (DAP)
to support model development and further verification and validation efforts by the international
research community [8].
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The present work details the QA/QC methodology and process developed to ensure the quality of the
DTU SpinnerLidar data by filtering out invalid measurements and maximizing data availability within
the completed lidar scans, treated as a two-dimensional cross-plane of data. Many common filtering
techniques such as despiking, deholding, thresholding, and derivative-based methods have been
developed for filtering out invalid measurements with traditional meteorological tower and wind turbine
response data [4, 9], but a universal approach that is applicable for all scenarios of lidar measurement
remains incomplete. Scanning lidars create a greater challenge for a universal QA/QC method, valid in
all flow scenarios, since the probe location moves in multiple dimensions throughout the fluctuating
flowfield. Traditionally, the signal-to-noise ratio (SNR) of the returned lidar signal has been used to
assess quality of the measurement [10, 11]. Adaptive SNR or carrier-to-noise ratio (CNR) filtering
techniques have been implemented successfully for lidar data QA/QC [12] in addition to finite difference
despiking methods [13]. However, these methods do not address many of the data quality issues.

The current work uses a combination of techniques to ensure the quality of the SpinnerLidar data.
The techniques were developed based on matching erroneous measurements within the lidar scan rosette
to patterns, or features, within the multidimensional lidar Doppler spectra. The QA/QC approach uses
feature identification of hard targets, low-signal return, and returns from operational wind turbine blades
within the Doppler spectra to remove those measurements. A two-dimensional neighborhood filter with
time weighting catches any additional invalid measurements. This outlier detection was developed as a
two-dimensional implementation of traditional despiking methods. These new QA/QC and Doppler
spectra processing methods allow for more accurate line-of-sight velocity measurements in addition to
enabling the estimation of the turbulence of the line-of-sight velocity within the lidar probe volume.

2. Experimental Setup

Sandia National Laboratories operates the SWiFT facility located in Lubbock, Texas. The baseline site
instrumentation includes three research wind turbines (WTG) and two meteorological towers (MET) as
shown in figure la.
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Figure 1. (a) SWiFT site layout and coordinate system with the DTU SpinnerLidar installed in WTGal
(b) including a top view of the facility layout [14], where D = 27 m.

The layout of the SWiFT facility is seen from an overhead view in figure 1b. The meteorological
tower and the two turbines used in this campaign (METal, WTGal, and WTGa2) are all aligned with
the predominant wind direction at the site, 180 degrees (north is 0 degrees). This configuration allows
measurement of the atmospheric inflow with the meteorological tower and measurement of the wake of
the WTGal turbine using the nacelle-mounted DTU SpinnerLidar. The SWiFT turbines are highly-
modified, variable speed, collective pitch Vestas V27 machines with a hub height of 32.1 meters, a rotor
diameter of 27 m, and a maximum power output of 192 kW [14].

DTU developed the SpinnerLidar to be a turbine mounted lidar for rapid scanning of the wind field
in a two-dimensional plane. The SpinnerLidar was uniquely capable of measuring the wake of WTGal
at the temporal and spatial resolution required for this experimental campaign. For this experiment, the
SpinnerLidar was mounted as shown in figure 2 to point out of the rear of the upwind (WTGal) turbine
nacelle, optimally positioned to capture the full wind turbine wake between one and five rotor diameters



downstream (D = 27 m). The SpinnerLidar has a scan head consisting of two co-rotating ~15° wedge-
shaped prisms integrated on a ZephIR 300 continuous-wave coherent Doppler lidar. The lidar produces
laser light at a wavelength of 1565 nm and was configured to stream averaged-Doppler spectra at a rate
of about 492 measurements per second. The prisms have a fixed gear ratio with adjustable motor settings
to change the duration and number of measurements per scan (motor speed was fixed for each scan) [15,
16]. The resulting rosette scan pattern is displayed in figure 2. The SpinnerLidar scans the two-
dimensional surface of a sphere with an approximately 30° half angle in the fixed rosette pattern,
acquiring 984 line-of-sight velocity measurements in 2 seconds [1]. The lidar can also cycle through
focus distances, changing focus distance in the same amount of time as a full scan. The position of the
measurement relative to the symmetry axis is calculated from the instantaneous position of the two
wedge-shaped prisms. Changes in the orientation of the rotation axis are accounted for using an
integrated three-axis accelerometer.

The lidar scan configuration changed throughout the field campaign to both capture wake evolution
over multiple focus distances (every =30 to 42 s with 5 to 7 focus distances, respectively) and wake
dynamics concentrating at one focus distance (every = 2 s). The SpinnerLidar was either angled at — 0.4°
or — 15.1° relative to the nacelle to capture the wake at different wind turbine yaw offsets (between
— 18° to 25°) throughout the course of the experiment.
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Figure 2. Schematic of the SWiFT facility including the DTU SpinnerLidar scan patterns at seven
downstream focus distances from one to five rotor diameters and an image of the installed DTU
SpinnerLidar in the rear of WTGal.

The location of the measurements in the lidar coordinate system were scaled from an initial
normalized frame using the average focus distance over the scan (see Ref. [1]). The orientation and
position of the lidar relative to the ground and nacelle was determined using total station theodolite
(TST) measurements [17]. The lidar roll and pitch angles were measured by a calibrated 3-axis
accelerometer [17], and applied to the data to create the lidar coordinate system. The lidar coordinate
system is transformed into other coordinate systems as described in Ref. [1].

3. Results

A multi-dimensional approach to processing the SpinnerLidar Doppler spectra was developed to
adequately filter out invalid measurements and maximize data availability. This approach allows
common image processing techniques to be used to remove regions of the Doppler spectra that are
contaminated with invalid measurements. A single 2-second example scan with 984 points, or scan
indexes, was chosen to demonstrate the SpinnerLidar QA/QC methods clearly, but these methods were
developed and hold for all DTU SpinnerLidar data collected at the SWiFT site, including data with
inflow variations in wind speed, turbulence, shear, veer, and aerosol particulate concentrations



throughout all focus distances and motor speed rates. This example scan includes all the primary
conditions when invalid measurements occur, including stationary hard target returns from the ground,
boresight, downstream turbine with a non-stationary rotor, and low-signal return. This section presents
the QA/QC methodology as applied to this scan, going from the raw lidar retrievals (figure 3) to the
final line-of sight velocities (figure 10).

The unprocessed SpinnerLidar Doppler spectra acquired during the single example scan are
displayed in figure 3a. Figure 3a shows the normalized probability density function (PDF) of velocities,
from 0 to 38.25 m/s, within the probe volume of the lidar at each of the 984 scan locations or indexes.
The SpinnerLidar produces velocity measurements at 984 scan indexes as shown in figure 3b. The line-
of-sight velocity was calculated from the median value of frequencies in the normalized Doppler spectra
PDF. Figure 3c shows seven example Doppler spectral traces from which the median frequencies were
calculated, while figure 3a is the resulting image from all 984 spectral traces with a distribution of 256
velocity bins from 0 to 38.25 m/s. In this scan, the line-of-sight velocity (vis) was measured at 5D
(135 m) downstream while the downstream turbine (WTGa2) was operating.
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Figure 3. Unprocessed Doppler spectra (a) image with lines indicating the example Doppler
distributions, (b) scan pattern with wake (red line and center dot), downstream turbine outlined, and
example cases marked with circles and labelled, and (c) normalized PDF’s of Doppler power spectra
traces for each of the circles in (b) and lines in (a). In part (b), y and z are the lateral and vertical
coordinates, respectively.

Seven spectral traces of interest were chosen to help demonstrate the effects of the QA/QC process
on this single lidar scan, shown in figures 3 — 10. The velocity distributions of interest include an
example of the undisturbed free stream of the atmospheric boundary layer, the center of the wake, the
edge of the wake, a boresight return, a ground return, and a return from the rotating downstream rotor.



Figure 3¢ displays the example Doppler traces, or velocity distributions, with lines and labels of
corresponding color indicating where they occur in the Doppler spectral image (figure 3a) and physical
scan locations (figure 3b). The free stream, wake center, and wake edge example velocity distributions
will remain relatively unchanged while the invalid measurements from the boresight, ground, and
nonstationary rotor returns are removed. The boresight returns are due to laser reflections from the outer
window of the SpinnerLidar and appear at the center of the scan pattern. Figure 3b shows the
corresponding v, with invalid measurements at the center of the scan pattern from the boresight
reflections, in addition to the low speed regions near the ground and WTGa2. An outline of WTGa2 and
the wake from WTGal, tracked using the fully quality-processed data and marked by a red outline and
center point, are included in figure 3b for reference of what was physically occurring at the locations in
the scan relative to the seven example locations.

The spectral image that includes all 984 velocity distributions in figure 3a also provides patterns for
indicating the hard target returns from stationary objects. Note the six boresight reflections near 0 m/s
in figure 3a near scan indexes 84, 248, 412, 576, 740, and 904, and the ground returns near scan indexes
0,150,298, 384, 450, 538, 604, 690, 838, and 984. The boresight and ground returns appear to influence
the Doppler spectra between approximately 0 to 2.5 m/s. Vibrations and movement of the SpinnerLidar
while the turbine was operating causes the signal from stationary objects to contaminate nonzero
velocity bins due to the distortion of the large signal returns from hard targets relative to the backscatter
from aerosol particulates. This result effectively measures the displacement motion of the lidar.
Theoretically the lidar is capable of measuring velocities as low as 0.15 m/s when not experiencing
vibration or motion, but while operating in the nacelle at the SWiFT site, the lidar could measure as low
as approximately 2.5 m/s. The influence of the stationary hard target returns is clear in the boresight,
ground, and low signal Doppler spectral PDF’s (figure 3¢c). The low signal return case has a strong
normalized ground return (= 1) in addition to a weak normalized return (= 0.06) from the aerosols in the
velocity field. This case includes returns from both the ground and atmospheric aerosols due to the large
probe volume weighting on the lidar measurements at a focus distance of 5D, where the full width at
half maximum is 32.90 m.

Also observe the shot noise in the Doppler spectra image as speckles in figure 3a and noise in the
Doppler spectra PDFs in the free stream, wake center, and wake edge distributions in figure 3¢ due to
the fact that many lidar devices are shot noise limited [18]. The shot noise in the Doppler spectra depends
inversely on the number of photoelectrons collected by the SpinnerLidar because the shot noise of the
signal photons equals the square root of the number of photoelectrons collected. Thus, the shot noise
increases with weaker laser signal returns. Each Doppler spectra PDF was acquired over 0.002 s, if the
signal was acquired over a longer period the signal return strength would be greater and the noise in the
spectra PDFs would be reduced. However, this would increase the time a single scan takes, or reduce
the number of measurement points within a scan, reducing the temporal and spatial resolution of the
scan. Thus, there is a trade-off between reducing shot noise and acquiring data at the required resolution.

The first step in the QA/QC process of the SpinnerLidar data from the SWiFT facility wake steering
experiment was to remove the effect of hard target returns in the Doppler spectral image. Figure 4 shows
a mask created from the hard target returns to remove those regions of interest from the spectral
normalized PDF image. The mask, or region to remove from the Doppler spectra image, was created by
proportionally projecting the signal strength at 0 m/s into higher velocity bins. The values for the linear
projection were determined empirically and would vary between lidar devices. However, the values held
for the SpinnerLidar throughout all focus distances. The mask regions were then increased horizontally
by 2 pixels using the image processing technique of morphological dilation to ensure the regions fully
masked the effect of the hard targets in the Doppler spectra. Figure 5a displays the corresponding
normalized PDF of the Doppler spectra with the mask region of the boresight and ground returns
removed. The resulting ground and boresight examples are removed from the scan (figure 5b) and
normalized spectral traces (figure 5c). Also note that the high-strength ground return portion of the low
signal example was removed while the low-strength portion, returned from the aerosols, remains.
Regions of the scan from both boresight and ground returns remain in the data to be removed with
additional QA/QC steps.
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Figure 4. Boresight and ground return mask regions for the Doppler spectra image. The yellow indicates
the stationary hard target regions to remove from the Doppler spectra image in figure 3a.
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Figure 5. Stationary hard target returns removed, and bilateral shot noise filtered Doppler spectra
(a) image with lines indicating the example Doppler distributions, (b) scan pattern with wake (red line
and center dot), downstream turbine outlined, and example cases marked with circles and labelled, and
(c) example normalized PDF’s of Doppler power spectra traces.

A weak bilateral filter was also applied to the Doppler spectra data in figure 5 to reduce the effect of
shot noise in the data. The effect can most clearly be seen by comparing the free stream Doppler spectra
from figures 3¢ and 5c in figure 6. Bilateral filters are a common filtering technique for reducing shot
noise within images [19]. A bilateral filter is an edge preserving nonlinear filter that replaces the
intensity of each pixel with a Gaussian weighted average of intensity values from nearby pixels. The
values for the filter were carefully chosen to preserve the normalized Doppler spectral traces throughout



regions with aerosol returns while removing the effects of shot noise. It was believed that a two-
dimension noise filter, applied to the Doppler spectra normalized PDF image, would be more effective
and accurate at reducing the Doppler spectra noise as compared to a one-dimensional filter that utilizes
less information in the filtering process since the flowfield is continuous without discontinuities in the
line-of-sight velocity. Comparing the PDF’s in figure 6, it appears the bilateral filter adequately
preserves the velocity data in the region of interest while reducing the shot noise.
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Figure 6. Comparison of free stream normalized PDF’s of Doppler power spectra to show the effect of
the bilateral filter (figure 5c¢) as compared to the original PDF (figure 3c).

Next, the effects in the Doppler spectra normalized PDF’s away from the velocity regions of interest
need to be removed. Therefore, the next step in the QA/QC process was to create a mask for the region
of interest in the Doppler spectra using a threshold of any signal above 0.03 (figure 7). This thresholding
value was chosen as a value that approaches zero but remains insensitive to the effects of shot noise.
Any small regions away from the primary flowfield regions of interest were removed as invalid
measurements since the velocity field was continuous and those measurements would either be due to
noise or a signal return from a rotating blade.
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Figure 7. Doppler spectra image regions of interest mask. The yellow regions indicate the regions of
interest to keep, zeroing all other regions, in the Doppler spectra image in figure Sa.
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Figure 8 presents the Doppler spectra consisting of the regions of interest. The noise has been
removed leaving only areas corresponding to the measured velocity field of the atmospheric boundary
layer and wake, along with signal returns from the rotating downstream rotor and areas with low SNR.
In this case, the invalid returns from the rotating downstream rotor only remain because the downstream
turbine was waked and the velocity of the flowfield near the rotor was close to the velocity returned
from the rotor as a hard target. Any measurements lower than ground level at the focus distance have



also been removed. The SWiFT facility is very flat resulting in a simple threshold of removing any
measurements below z =0 m.
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Figure 8. Regions of interest Doppler spectra (a) image with lines indicating the example Doppler
distributions, (b) scan pattern with wake (red line and center dot), downstream turbine outlined, and
example cases marked with circles, and (c) example normalized PDF’s of Doppler power spectra traces.

A more advanced outlier detection method was required to capture returns from the nonstationary
hard targets when the flowfield in that region has a similar velocity. Figure 9a shows a spatially
smoothed scan pattern using the time-weighted average vy, value within a sliding neighbourhood of the
black circle. The area of the circle remained constant relative to the scan pattern for all focus distances
when this method was applied to other scans. Though the lidar scan pattern has been visualized as a
single image or snapshot, the pattern was acquired over time, meaning that the flowfield likely varied
during the scan. This velocity variation causes a neighborhood smoothing function to return spikes, or
outliers, where the scan pattern crosses, or intersects, with itself because the velocity may be lower, or
higher, on the second pass as compared to the first if the velocity field was changing. An example of
one of these crossing points in the scan pattern occurs near the wake center in figure 9a. The time-
weighting aspect of the neighborhood filter had to be included to give a higher weighted average to
velocities acquired closer in time to the measurement point of interest then other velocities within the
neighborhood since the velocity field could have varied between scan path crossings. Figure 9b presents
the corresponding difference between the spatially-smoothed scan pattern and the unfiltered pattern. The
two invalid measurements from the rotating blades are visible in figure 9b and were identified using a
threshold of velocity difference (vios — Vyiner) above six standard deviations of the velocity-difference
signal.



However, this velocity metric was not robust enough to work for all scenarios of data captured during
this field test without including an additional parameter within the outlier detection. Figure 9c shows
the peak value of the filtered Doppler spectra PDF at each scan point. Again, the peak return signals
from the operational rotor are clear. A threshold of the mean peak value of the Doppler return PDF
throughout the 984 scan points plus four standard deviations detected peak signal outliers. The velocity
and signal peak outlier detections were combined to robustly capture the effect of the operational rotor
at all focus distances, removing only data that qualified as outliers using both detection methods and
effectively removing the erroneous non-stationary targets. This methodology held for all scans
containing non-stationary returns no matter the focus distance or location of the target relative to the
pattern. The number of standard deviations needed for the velocity threshold and peak signal threshold
were empirically determined using numerous scans, but the methodology of combining a velocity outlier
detection and peak signal return outlier detection could be used for other lidar data sets or lidar devices
once the standard deviation bounds were assessed.
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Figure 9. Additional filtering techniques: (a) time-weighted smoothed velocity signal with
neighborhood size, (b) velocity difference signal, (c) normalized PDF peak value from returned Doppler
spectra, and (d) quality metric of difference between normalized peak value and normalized noise floor.

Finally, Doppler spectra distributions with a low SNR must be removed to ensure valid
measurements. This final filter removes low SNR power spectra distributions and is referred to as the
quality metric. This outlier detection uses the reciprocal of difference between the peak value in the
filtered Doppler spectra PDF and the median value of the noise peaks removed from the filtered Doppler
spectra distribution. The noise region is the dark blue region in figure 7. The quality metric was defined
as the reciprocal of the difference between the peak and noise (figure 9d). Any value above 20 was



removed. The quality metric threshold corresponds to a peak difference of less than 5% of the maximum
possible difference. The 5% value was determined empirically but held well for all focus distances,
removing points obscured by ground returns and periods of reduced aerosol within the atmospheric
boundary layer.

Figure 10 presents the final quality processed Doppler spectra and scan pattern. The QA/QC process
filtered out each of the invalid measurement examples, shown previously in figure 3 leaving only the
regions of interest in the velocity field Doppler spectra normalized PDF’s of the free stream, wake
center, and wake edge cases (figure 10c). The line-of-sight velocity was calculated from the median
value of frequencies remaining in the Doppler spectra of figure 10a to produce the vios values in the scan
pattern of figure 10b. Figure 10c shows that a highly three-dimensional flowfield, such as the shear layer
of the wake edge, can produce a wide distribution of line-of-sight velocities within the probe volume.
These distributions of velocities are physically present and important to include in the calculation of the
probe volume median v;,; and higher order line-of-sight velocity statistics, such as turbulence estimation.
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Figure 10. Final Doppler spectra (a) image with lines indicating the example Doppler distributions,
(b) scan pattern with wake (red line and center dot), downstream turbine outlined, and example cases
marked with circles, and (c) example normalized PDF’s of Doppler power spectra traces.

Since the Doppler spectral distributions were concentrated to the regions of interest in the velocity
field (figures 10a and 10c), the turbulence of the line-of-sight velocities (v i) within the probe volume
can be estimated more accurately [20]. The reduction in the shot noise in the Doppler spectra using the
bilateral filter allows the turbulence to be estimated from the normalized second moment (standard
deviation) of the Doppler spectra PDF. The turbulence estimated from the unprocessed Doppler spectra
in figure 3 have large errors due to the regions of high signal noise, as shown in figure 11a. The standard
deviation of the line-of-sight velocity PDFs within the probe volume is more sensitive to noise than the



median line-of-sight value in figure 3b since it is a higher order statistic. Figure 11b displays the final
turbulence field of the example SpinnerLidar scan after the full QA/QC process. The final turbulence
field reveals increased turbulence in the shear layer of the wake as one would expect, which is difficult
to observe in the unprocessed turbulence field with erroneous values. This finding also corresponds to
the distribution of velocities observed within the wake edge example trace in figure 10c. The
SpinnerLidar data released on DAP do not yet include the turbulence values, as more work is required
to ensure their validity. (e.g. validation against turbulence measurements with conventional
anemometry). However, the improved extraction of these quantities helps show the value of
implementing such extensive QA/QC methods.
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Figure 11. Turbulence estimates (v’ns) from the standard deviation of Doppler spectra PDFs:
(a) unprocessed data and (b) fully QA/QC’d data scan patterns with wind turbine wake and downstream
turbine indicated.

4. Conclusions

The present work details the QA/QC methodology and process developed to ensure the quality of the
DTU SpinnerLidar data released on the A2e DAP by filtering out invalid measurements and maximizing
data availability within the two-dimensional lidar scans. A multi-dimensional approach to processing
the SpinnerLidar Doppler spectra was developed based on matching erroneous measurements within the
two-dimensional lidar scan with patterns inside the multidimensional lidar Doppler spectra. This
approach allows image processing techniques to be used to remove regions of the Doppler spectra that
are contaminated by hard targets and isolate the velocity field. A bilateral filter was used to reduce the
noise in the Doppler spectra normalized PDF’s and the regions of interest in the velocity field were
isolated to improve the accuracy of the line-of-sight velocity measurements and enable the estimation
of the turbulence of the line-of-sight velocity within the lidar probe volume. Finally, invalid
measurements from an operational rotor and low-signal returns were removed using a 2D sliding
neighborhood filter with time weighting and the difference between the peak value and noise floor of
each spectral trace, respectively. This work helps ensure and communicate the credibility of the A2e
DAP data for future wake model validation efforts and provides new ideas and methodologies for lidar
processing and QA/QC approaches.
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