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As wind energy plants continue to grow in size and complexity, advanced
measurement technologies such as scanning Doppler LiDAR are essential for assessing
site conditions and prospecting new development areas.

The RUNE project was initiated to determine best practices for the use of scanning
LiDARs in resource assessments for near shore wind farms. The purpose of this thesis is
to determine the optimum configuration for the plan position indicator (PPI) scan type
of a scanning LiDAR. A task specific Automated Analysis Software (AAS) is created, and
the sensitivity of the integrated velocity azimuth process (iVAP) reconstruction
algorithm is examined using sector sizes ranging from 4 to 60 degrees. Further, a
comparison to simultaneous dual Doppler measurement is presented in order to
determine the necessity of deploying two LiDARs rather than one.

DTU has developed a coordinated long range coherent scanning multi-LiDAR array
(the WindScanner system) based on modified Leosphere WindCube 200S devices and
an application specific software framework and communication protocol. The long
range WindScanner system was deployed at DTU's test station in Hovsere, Denmark
and measurement data was collected over a period of 7 days. One WindScanner was
performing 60 degree sector scans, while two others were placed in staring dual
Doppler mode. All three beams were configured to converge atop a 116.5m
instrumented meteorological mast.

A significant result was discovered which indicates that the accuracy of the
reconstructed measurements do not differ significantly between sector sizes of 30 and
60 degrees. Using the smallest sector size which does not introduce systematic error
has numerous benefits including: increasing the scan speed, measurement distance
and angular resolution.

When comparing collocated dual Doppler, sector scan and in-situ met-mast
instrumentation, we find very good agreement between all techniques. Dual Doppler
is able to measure wind speeds within 0.1%, and 60 degree sector scan within 0.2% on
average of the reference values. For retrieval of wind direction, the sector scan
approach performs particularly well. This is likely attributable to lower errors
introduced by the assumption of flow field homogeneity over the scanned area, in
contract to wind direction which tends to be more non-uniform. For applications such
as site resource assessments, where generally accurate 10 minute wind speed and
direction values are required, a scanning LiDAR performing PPl scans with a sector size
of between 30 and 38 degrees is recommended. The laser’s line of sight path should be
directed parallel to the predominant wind direction and at the lowest elevation angle
possible.
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1 Project Summary / Abstract

As wind energy plants continue to grow in size and complexity, advanced measurement
technologies such as scanning Doppler LiDAR are essential for assessing site conditions and
prospecting new development areas.

The RUNE project was initiated to determine best practices for the use of scanning LiDARs in
resource assessments for near shore wind farms. The purpose of this thesis is to determine the
optimum configuration for the plan position indicator (PPI) scan type of a scanning LiDAR. A
task specific Automated Analysis Software (AAS) is created, and the sensitivity of the integrated
velocity azimuth process (iVAP) reconstruction algorithm is examined using sector sizes ranging
from 4 to 60 degrees. Further, a comparison to simultaneous dual Doppler measurement is
presented in order to determine the necessity of deploying two LiDARs rather than one.

DTU has developed a coordinated long range coherent scanning multi-LiDAR array (the
WindScanner system) based on modified Leosphere WindCube 200S devices and an
application specific software framework and communication protocol. The long range
WindScanner system was deployed at DTU'’s test station in Havsgre, Denmark and
measurement data was collected over a period of 7 days. One WindScanner was performing 60
degree sector scans, while two others were placed in staring dual Doppler mode. All three
beams were configured to converge atop a 116.5m instrumented meteorological mast.

A significant result was discovered which indicates that the accuracy of the reconstructed
measurements do not differ significantly between sector sizes of 30 and 60 degrees. Using the
smallest sector size which does not introduce systematic error has numerous benefits
including: increasing the scan speed, measurement distance and angular resolution.

When comparing collocated dual Doppler, sector scan and in-situ met-mast instrumentation,
we find very good agreement between all techniques. Dual Doppler is able to measure wind
speeds within 0.1%, and 60 degree sector scan within 0.2% on average of the reference values.
For retrieval of wind direction, the sector scan approach performs particularly well. This is likely
attributable to lower errors introduced by the assumption of flow field homogeneity over the
scanned area, in contract to wind direction which tends to be more non-uniform. For
applications such as site resource assessments, where generally accurate 10 minute wind speed
and direction values are required, a scanning LiDAR performing PPI scans with a sector size of
between 30 and 38 degrees is recommended. The laser’s line of sight path should be directed
parallel to the predominant wind direction and at the lowest elevation angle possible.
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2 Background & Introduction
2.1 Motivation of Study

With the increasing global expansion of large wind power projects, site developers, banks,
utility companies, etc. require highly reliable and accurate measurements with which to predict
electricity production (i.e. revenue) and model risk. Further, researchers within the wind energy
field demand new tools and methods with which to investigate atmospheric phenomena, such
as wake propagation, meteorological events, complex flow, etc. Conventional techniques such
as the met-mast and in-situ anemometer provide only a single point measurement which is
insufficient for the needs of modern users.

The Test and Measurement (TEM) section of DTU Wind Energy has developed a coherent
Doppler scanning lidar known as the long-range WindScanner in partnership with Leosphere in
France. The WindScanner system forms a time and space synchronised multi-LiDAR array which
is capable of sampling radial wind speeds over a volume (3 dimensions). Currently the system is
used as a research tool, with the ultimate goal of becoming a familiar and standardised
instrument within the wind energy industry. For this to happen, accepted guidelines and
procedures must be developed, documented and disseminated.

DTU, DONG Energy (currently the world’s largest offshore wind developer) and DHI (the Danish
Hydraulic Institute) have teamed up in the RUNE project to further understand atmospheric
interactions in coastal zones. This study will be used to improve mesoscale wind atlases (for
example the NEWA- New European Wind Atlas project) as well as assist in resource assessment
and planning for near shore (defined here as <10km from land) wind farms. One of the main
research questions to be answered within the RUNE project is to determine exactly how many
LiDARs are necessary to accurately perform a resource assessment and in what configuration
should they be placed.

The RUNE project and countless other applications of the WindScanner systems will employ a
plan position indicator (PPI), or sector scanning strategy. Theoretical predictions on the optimal
configuration of a PPl scan have been made, however comparisons to actual in-field
measurements are needed in order to obtain the highest quality data during the experiments.
This thesis is focused on providing insight into optimal PPl scanning trajectories and
configurations which will then be used within RUNE and subsequent measurement campaigns.

2.2 Thesis Objective: Optimum Sector Size

The objective of this thesis is to determine the optimum sector size to be used when designing
measurement scenarios employing the plan position indicator (PPI) scan type. Scanning LiDARs
have a somewhat fixed measurement duration (mainly due to the scanner head movement and
acquisition of the reflected laser pulse). Therefore, a trade-off exists between measuring over a
larger area and the rate of sampling. If it is determined that smaller sector sizes perform as well
(or better) than larger ones when compared to the accepted reference instrument (cup
anemometer), then some of the following improvements could be realised:

@ Faster refresh rates over the area sampled, since the angular size is smaller
@ Improved resolution by incorporating more line of sight measurements within the
sector area
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® Increased measurement distance, since more time could be spent on lengthening the
reflected pulse acquisition time

@ Better averaging (e.g. 10 minute) results due to the larger number of samples included
in the average

@ Better representation of the targeted region, especially at far distances where a large
sector size could envelop a vast area

To explore this research question, coherent scanning LiDAR technology will be presented,
along with the theoretical background of PPl reconstructions and an experimental campaign
which will demonstrate the accuracy of various sector sizes against a reference cup
anemometer as well as dual Doppler LiDAR.

2.3 LiDAR
2.3.1 Principles and Operation

LiDAR (Light Detection and Ranging) is an innovative remote sensing technology with
untold uses across all fields of science and engineering (e.g. meteorological
measurements, mapping, military and even malaria prevention). For atmospheric
modelling and wind power development, we are particularly interested in retrieving
wind speed and direction measurements over an area or volume. This data has
unbounded applications, especially when compared with traditional anemometry
approaches. For a researcher- in helping to better understand fluid dynamics and
improve flow and turbulence models. To an engineer or project developer- in order to
optimise turbine designs and power plant layouts for specific site conditions, or even
to provide automated turbine and farm level control.

In the case of atmospheric sampling, a LiDAR begins operation by emitting a laser
beam (continuous wave or pulse) into the atmosphere. Laser light is characterised by
spatial coherence, which means that the beam is focused to a narrow width over great
distances, and does not diffuse quickly as with most other light sources. This spatial
coherence is due to the collimation of the emitted light (with rays running in parallel)
created either by a collimating telescope, or by parallel mirrors in the laser’s optical
cavity (Premasundaran, 2015). Therefore, the beam expands only negligibly over
large distances, allowing for high resolution sampling even at the tens of kilometres
range. Further, laser emitters are also capable of high temporal coherence, where the
emitted beam exists in a very narrow spectral width over the entire path of travel.
(Paschotta, 2015)

Once the laser beam is transmitted, it interacts with micron sized aerosols (dust, water
vapour/droplets, smoke, pollutants, etc.) in the atmosphere primarily through Mie
scattering (Mie, 1908). It is assumed that these particles are travelling at the same
speed as the wind. A very small portion of the laser beams will backscatter against the
aerosols (reflect 180 degrees) and land back on the photodetector of the LiDAR
device.

A physical phenomenon known as the Doppler Effect is used to retrieve the radial
wind speed from the captured backscattered light. When the laser beam interacts
with an atmospheric aerosol, its wavelength is shifted respective to the line of sight
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(LOS) speed of the aerosol. This radial velocity is a projection of the true wind speed
along the laser’s line of sight. For aerosols moving towards the laser emitter, the
frequency will increase; for aerosols moving away, the frequency will decrease. This
allows for determining the sign of the radial velocity value. The general formula is
given:

f=fod+)

Where f = the observed frequency, f, = the emitted frequency, v = the velocity
towards the source (radial velocity), and c = the speed of light (constant).

Since the frequency at emission is constant and known, it is simple to calculate the
LOS wind speed from the captured backscatter by using the relationship:

Af = (—2 17)

/= j)

Where Af = Doppler (frequency) shift, v=the radial velocity, and A = wavelength of the
emitted light (source).

On-board signal processing software includes time gating of the backscattered pulses
to allow multiple range gates (distances) to be measured simultaneously along a
single LOS, up until the device’s maximum range resolution (Vasiljevi¢, 2014).

Pulsed LiDAR devices have a maximum theoretical range resolution of:

distmax (km) = m

Where ¢ = the speed of light (constant), and PRF represents the LiDAR’s pulse
repetition frequency (i.e. number of pulses per second). Therefore a LiDAR configured
to use a 10 kHz PRF will have a theoretical maximum measurement range of 30km. In
practice however, shorter acquisition times and imperfect atmospheric conditions will
act to reduce the device’s maximum range.

2.3.2 Coherent LiDAR

In contrast to simple direct detection LiDAR, which requires high energy laser sources
and directly measures the amplitude of the backscatter signal, technology from the
radio and telecommunications industry has been applied to develop a coherent, or
indirect detection method. Coherent detection (particularly micropulse) LiDARs
operate at lower power, allowing them to be comparatively eye safe and resolve
frequency shifts with much higher sensitivity (Paschotta, 2015). In order to do this
however, the transceiver systems gain considerable complexity.

Coherent LiDAR systems rely on the principle of optical heterodyne detection. In this,
two frequencies (the source and a local oscillator) are modulated together to form two
new signals at their sum and difference of their frequencies (Henderson, 2013). The
basis for this can be demonstrated with the simplified identity:
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Where the left hand represents two sine wave signals which are mixed (multiplied),
and the right hand is their resulting sum and difference heterodynes. The sum
heterodyne is removed by a high pass filter to obtain the desired difference
heterodyne, which represents the interference between the two signals (commonly
known as a beat signal). This beat signal contains the same properties as the original
signal (amplitude, phase, modulation), but oscillates at a much lower frequency which
can be processed easily in high resolution by the photodetector.

2.3.3 Scanning LiDAR

The basic coherent LiDAR device outlined above does not include a movable
targeting system, so measurements could only be collected for range gates
(distances) along a single line of sight. The inclusion of a dual axis positioning system
(scanner head) allows the laser beam to be directed at any unobstructed point in
space (full dome) by jogging across motors controlling the azimuth and elevation
angles.

Figure 1: WindCube 200S dual-axis scanner head

Through precise control of the dual-axis scanner head, it is possible to perform scans
across an area or within a volume. Scanning patterns can be either simple or complex,
as seen in Figure 2, and are carefully chosen to fit the intended application. The
observed radial wind speeds will then be retrieved over the area or volume of the
scan, usually repeating for a set length of time or indefinitely.
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Figure 2: Examples of single LiDAR scan geometries
Source: SgurrEnergy Webinar (SgurrEnergy and Clive, 2014)

2.3.4 Plan Position Indicator

In the Plan Position Indicator (PPI) scan, the LiDAR scanner head is fixed to a constant
elevation/altitude angle, and sweeps across an azimuth range with a constant speed.
This allows for radial speed data to be collected across a conical section. For angles
less than 360 degrees, this scan pattern is referred to as a “Sector Scan” (otherwise it is
a “Surveillance Scan”). In a sector scan, usually the scanner head will reverse direction
and scan forwards/backwards through the given azimuth range. It is also possible to
reset to the starting azimuth value at the end of each scan and repeat.

levation angle)
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Figure 3: Sector scan (PPI) configuration

The figure above represents a typical sector scan setup. The sector size represents the
angular area between the start and stop azimuth values. The elevation angle should
be kept as low as possible in order to neglect the vertical component of the wind
vector. More on the importance of a low elevation angle is presented in section: 4.3.2.
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The common methods of reconstructing sector scan data involve point process least-
squares fitting of the observed radial wind velocities to a sinusoidal curve in order to
obtain wind speed and direction values for selected range gates across the scanned
volume. More about retrieval algorithms and their respective equations is presented
in section: 4.3.3.

2.3.5 Dual Doppler Mode

In dual Doppler mode, two LiDARs are placed such that their beams are crossed at a
single point in space. In the simplest scenario, they operate in “staring mode” where
the azimuth and elevation/altitude angles remain static (fixed) throughout the
measurement period. With the long range WindScanner system, it is also possible to
synchronise and direct the two beams along a complex trajectory (such as a virtual
ling, circle, Lissajous or rose pattern, etc.) depending on the intended application.

Independent LOS measurements from the two LiDARs can then be combined in order
to obtain wind speed and direction information at the targeted point. This technique
is presented and discussed in further detail within section: 4.3.4.

In order to obtain trustworthy measurements from a dual Doppler measurement
scenario, it is extremely important to have a high degree of pointing accuracy within
the scanner head as well as optical alignment of the telescope. Otherwise, the beams
will not converge and portions of different wind vectors will be used together in the
reconstruction. Therefore, it is standard practice to perform a hard target calibration of
the scanner head (positioning system) upon deployment. The process for this in the
Hgvsare campaign is documented below in section: 5.5.1.
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2.4 WindScanner Platform
2.4.1 Introduction

The long range WindScanner platform is a networked remote sensing measurement
system which is capable of controlling and monitoring numerous spatially separated
LiDARs. The result of which is the ability to coordinate and carry out complex
measurement scenarios previously considered onerous or unfeasible while also
overseeing and directing operations remotely.

The combined DTU long range WindScanner measurement system currently consists
of four modified Leosphere WindCube 200S units (WindScanners) as well as the DTU
developed WindScanner software. The open platform is designed such that any LiDAR
could be integrated into the system with minimal modifications, with the ultimate
goal of becoming a standardised platform for both LiDAR field operations and data
analysis.

24.2 Leosphere/DTU WindCube 200S

The long range WindScanner LiDAR was developed in cooperation with DTU Wind
Energy (DK), Leosphere (F), Heason (UK) and IPU (DK). The hardware is sold
commercially by Leosphere under the model name WindCube 200S, with a few
hardware modification and completely separate software architecture that
distinguishes the WindScanner branded systems. This is explained further in the
following sections.

The WindCube 200S is a high powered, pulsed, coherent detection LiDAR equipped
with a dual axis scanner head. The measurement process begins with a trigger signal,
sent when the scanner head is pointing in the desired position. A customised FPGA
circuit board generates a digital message signal (rectangular trigger), along with an
analogue (Gaussian shaped) signal which is fed into the AOM (acousto-optic
modulator). There, the two signals are modulated along with a local oscillator (CW
laser at a wavelength of 1543nm). The AOM generates laser pulses with the correct
shape and timing created from the continuous wave light source.

Next, the pulse is amplified within the EDFA to a mean power of 1W (Cariou et al.,
2006). The amplified pulse exits a 100mm aperture collimating telescope and travels
through the optical (mirrored) pathway (i.e. scanner head) until it is emitted through
the external lens.

The emitted laser pulse interacts with airborne particles within the sampled area or
volume. Some of the pulses will backscatter and arrive back at the telescope. An
optical circulator transfers the received pulses through the same mirror path to a
mixer, which again modulates the CW laser into backscattered signal. This outputs
both the sum (f1om + fow £ Af) and difference (faom — few T Af) heterodynes. The
sum heterodyne is subsequently filtered out through the mixer’s high pass filter. The
remaining difference heterodyne frequency mixing results in the “beat phenomenon”.
The resulting signal comprises an amplitude which oscillates at the frequency
difference between the input signals. The beat signal is then received in analogue
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form by the InGaAs photodetector, which is then sampled and digitised by the
acquisition board at 250 MHz (4 ns sampling frequency). (Cariou et al., 2006)

Once the (oscillating) backscatter signal is obtained, a fast Fourier transform (FFT) is
applied. This converts the signal to the normalised frequency domain, which can then
be analysed using statistical methods. The maximum likelihood estimation (MLE)
technique is employed to estimate parameters of the transformed distribution, which
then gives the desired radial speed value.

A graphical layout of the internal WindScanner hardware is depicted in the following
figure:

Fower and encoder cables

Figure 5: WindScanner internal hardware layout
Source: (Vasiljevic, 2014)

The device specifications are further summarised in the table below:

Table 1: WindScanner device specifications

Scanner head motion dual axis (azimuth + elevation)
Maximum speed, scanner head 50° /st
Movement resolution 0.001°™M
Trajectory Modes PPI, RHI, LOS, DBS, and complex customised "
Laser source Er-Yb silica fibre laser (pulsed) : PureSpectrum NLL?
Mean emission power 1TWE
Laser emission wavelength 1543 nm B
Telescope diameter 100 mm©
Pulse length 400 ns (long pulse), 200 ns (middle pulse) or 100 ns
(short pulse) ™
Pulse energy 100 W (long), 50 wJ (middle) or 25 pJ (short) ™
Pulse repetition frequency 10 kHz (long), 20 kHz (middle) or 40 kHz (short) ™
Photodetector sampling rate 4 ns (250 MHz) B!

Determination of an Optimum Sector Size for Plan Position Indicator Measurements
using a Long Range Coherent Scanning Atmospheric Doppler LIDAR
-18-



Eye safety IEC/EN 60825-1 & ANSI-Z136.1-2007 compliant !
Maximum acquisition range 12 km™
Maximum normal operating 6 km™
range
Maximum number of range 500
gates
Radial wind speed range -30 m/s to 30 m/s™
Accumulation time 100 ms (minimum), no maximum limit "
Dimensions 1.5x0.55x0.65 m™
Weight 150 kg !
Operating conditions IP65 and 1509227 compliant®

M= (Vasiljevi¢, 2014), 2= (Cariou et al., 2006), 1= (Cariou et al., 2011), “= (Leosphere, 2013)
2.4.3 WindScanner Networking and Hardware Modifications

Beyond the commercially available Leosphere/DTU WindCube 200S, some key
hardware and networking modifications have been made during development of the
long range WindScanner system. These modifications are necessary to ensure proper
coordination and synchronisation of a multi-LiDAR array.

As the WindScanner network is a unified and synchronised measurement system,
each device must be linked through at minimum a LAN (local area network). It is
preferable however if the devices are also outwardly connected to a WAN (wide area
network), i.e. the internet. Since CAT-6 (Ethernet) cabling has a maximum length of
100m before signal degradation, a 3/4G mobile data modem is normally installed on
each WindScanner. This allows for monitoring, control and data collection by the
coordinating master computer. Further, each networked WindScanner is connected
through a Cisco Meraki gateway (cloud based networking). This allows for remote
management of individual and synchronised WindScanners from anywhere with an
internet connection without the need for static addressing (only limited high cost
options in mobile telecommunications currently exist).

One major issue faced during early prototyping was the asynchronous behaviour of
commands and improper time stamps being recorded by the WindScanners. The
system clock is based on a quartz oscillator with inherent and differing frequency
errors. Factors such as temperature, humidity, and changes in supply voltage can
affect the oscillation frequency of the crystal and cause a time drift between systems
of typically 1PPM per “C and 10 PPM per day (1PPM = 0.0001%) (Windl, 2003). The
WindScanner crystal clock oscillator has an accuracy of £ 50 ppm (Vasiljevi¢, 2014). An
error of this magnitude would result in a maximum lag of 720ms between devices
after only 2 hours of operation. A maximum lag time of 10ms (100Hz) is considered
acceptable for measurement coordination.

A solution of repeated direct synchronisation of each WindScanner clock was
developed using Meinberg GPS (satellite) antennas with a precision of 250ns
(Meinberg GmbH, 2015). Each WindScanner is equipped with a GPS antenna and
when the time drift exceeds 10ms (monitored by the master computer), the correct
time will be acquired and set within the system.
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Figure 6: Effect of time synchronisation using GPS
Source: (Vasiljevi¢ et. al., 2013)

Another significant modification was the offloading of trigger signal control from the
internal computer to the FPGA board and motion controller. This was done in order to
optimise the pulse emission timing and position. In the original prototype, the
computer would need to ask for and receive the scanner head position from the
motion control unit before it could begin emitting pulses (resulting in a time lag).
Now, the systems are integrated with a hardware connection between the motion
control unit and FPGA board. This enables the pulse generator, AOM and acquisition
board to begin operation exactly when the scanner head arrives at the precise
position, with virtually no lag.

Further, the support structure of the scanner head from the early prototype was
redesigned to more evenly distribute loads across all ranges of azimuth and elevation.
The rear feet were moved closer together, and a stiff metal casing was designed which
the scanner head sits atop of. This reduces the oscillation error from the scanner head
movement, which acts to decrease the pointing accuracy of the system.

Lastly, the chassis grounding point was moved for lower electrical interference (noise)
and an inclinometer was installed into a PCI-E RS-232 (serial) bus. This aids in
calibration and levelling procedures, as well as monitoring shock to the devices. A
digital humidity sensor was also added for protection and monitoring.

A much more detailed explanation of the end-to-end measurement process of the
WindScanner system can be found in (Vasiljevi¢, 2014).

2.4.4 WindScanner Software

Unlike the hardware adaptations, WindScanner software is not a modification of the
WindCube equipped interface, but rather a completely separate entity. It is designed
with the goal to be platform independent, and run on any commercial LiDAR with
minimal modifications. The only shared components are the black box MLE
(maximum likelihood estimation) routines which convert observed Doppler spectra
into desired radial speed values.

The WindScanner software is separated into two components: MCS (Master Computer
Software) and WCS (WindScanner Client Software), with communication between the
two using the TCP/UDP protocol RSComPro. The RSComPro network architecture and
packet data is presented in detail within: (Vasiljevi¢ et.al., 2013).

The WCS is run locally on each LiDAR computer, and controls the motion control, data
acquisition, and storage functions of the single LiDAR unit.
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The presiding MCS is run on any computer which is connected to the WindScanner
device network (either locally or through Meraki routing). Live measurements as well
as the device statuses can be viewed, and motion programs (including the CNR
mapper) can be created and dispatched to the WindScanner clients. The master
software also monitors the clock drift between clients and syncs them if necessary.
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Figure 7: WindScanner Master Software in operation: Monitoring 3 synchronised WindScanner LiDARs
24.5 Site Deployment Procedures

In order to best ensure the highest quality measurements are taken, it is necessary to
perform a regimented deployment on each WindScanner device every time the unit is
moved. Issues particularly with shock and vibration during the transport process can
misalign the scanner head and focus of the optical path leading to incorrect spatial
referencing and low, or no backscatter signal.

The commercial WindCube 200S requires that the LiDAR be placed such that the
home position (0 degrees azimuth, 0 degrees elevation) be facing north. With the long
range WindScanners however, the device can be deployed in any direction, with the
home position being offset by the angle relative to north.

After the WindScanner is placed on top of a fixed and steady platform (currently, in
most cases a wooden pallet), the initial levelling process begins using the two bullseye
bubble levels integrated into the outer casing. The device’s adjustable feet are
positioned in order to get an approximate level on both pitch and roll dimensions.
Next, a higher precision digital level is used for fine adjustments. Lastly, the digital
inclinometer which is fixed internally on the cage containing the optics and scanner
head assembly is referenced to further verify that the system is indeed level.
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Next begins the calibration of the scanner head positioning using a static “hard
target” test. A hard target is an object which is non-transparent (opaque) and will
subsequently not allow light (e.g. laser pulses) to pass through it. This results in a very
high level of backscattering when a hard target is hit. Therefore, the CNR (carrier to
noise ratio) value at the targeted distance and LOS reaches a maximum value.
Common hard targets include: met-mast tips, booms and guy wires, radio antennas,
surveying markers, building corners, etc.

DTU has incorporated an innovative visual technique for performing hard target
calibrations, using the CNR mapper tool. A rough range of azimuth and elevation
values (which contain the hard target position) are input into the CNR mapper
program which runs within the master computer software. Tightly packed range gates
(usually Tm separation) are set so as to also determine the precise distance from the
WindScanner to the hard target. The area of chosen azimuth and elevation angles is
scanned in stepwise PPl (constant elevation, varied azimuth) or RHI (constant azimuth,
varied elevation) configurations, and a gradient of CNR dependent colours is
generated for each distance (range gate). This “CNR map” can then be used to visually
locate the hard target with high precision and verify that the scanner head positioning
is correct. If there is any misalignment, then offsets within the motion control program
can be adjusted.

An example of the CNR mapper output is given in the following figure. It depicts a
met-mast at DTU Risg campus. The met-mast extension (boom) where the cup
anemometer is mounted can be clearly seen.
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Figure 8: Example of CNR mapper scanning the top of a met-mast at DTU Ris@ campus

The standard procedure is to map multiple spatially separated hard targets in order to
verify that the positioning is correct across all ranges which will occur during the scan.
It is also good measure to periodically perform a hard target test during the campaign
in order to verify that the pointing systems are operating normally.
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3 Literature Review

3.1 LiDAR Validations

3.1.1

Dual Doppler

The use of Dual Doppler in remote sensing can be traced back to early weather radars,
which were developed following WWII. Military radio operators experienced
interference echoes from precipitation events, which led to the idea of using radio
waves to detect meteorological phenomena (Bent, 1943). The first radar utilising the
Doppler shift to calculate motion was developed in the 1950s at Cambridge University
and was subsequently used to measure vertical motion within a rain shower (Barrat
and Browne, 1953). (Brown and Peace Jr., 1968) reports the successful operation of the
first dual Doppler experiment, which was also applied by (Browning et. al., 1968) to
intersect a horizontal and vertical radar beam within a rain shower. (Lhermitte, 1970)
further extended the measurement techniques of dual Doppler radar, which are used
today throughout all remote sensing applications (including LiDAR).

(Newson et. al., 2015) performed a validation of the dual Doppler technique using the
Halo Photonics Steam Line (a coherent scanning LiDAR similar to the WindCube 200S).
Two LiDARs were positioned with four coordinated, intersecting RHI scans to form a
grid surrounding a 60m met-mast. The perimeter (inflow and outflow areas) were then
calculated using the dual Doppler velocity retrieval equations (which are presented in:
Dual Doppler Velocity Retrieval) and compared to an in-situ ultrasonic anemometer
mounted on the mast.

The experimental design with one instantaneous result is presented here:

()

Scan.Type B, 20101120 205918

NG O ur B

Figure 9: 3 dimensional visualisation at two instantaneous time periods of dual Doppler wind speed retrieval

for scan type B
Source: (Newson et. al., 2005)

Their results show very good agreement between the dual Doppler LiDAR
measurements, radar wind profiler and radiosonde, with all values agreeing within
3%. It was discovered that the (uncalibrated) ultrasonic anemometer was routinely
over predicting the wind speeds by a factor of 14.2%. The results for wind direction
were excellent, with a mean difference of 0.22 degrees.
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Figure 10: Comparison between dual Doppler LiDAR (grey circle) and ultrasonic anemometer (black +) at 60m
for scan type B
Source: (Newson et. al., 2005)

3.1.2 Plan Position Indicator (PPI)

The PPI scan type also finds its beginnings in early Doppler radar. (Lhermitte and Atlas,
1961) first proposed a theoretical method of conically scanning a radar beam at a
fixed elevation while varying the azimuth angle in full revolutions (VAD, or velocity
azimuth display). When the beam sweeps through the incoming wind direction, the
Doppler frequency (shift) reaches a maximum value. When the beam is facing away
from the predominant wind direction, it is at its minimum. Thus, the data will form a
sinusoidal curve, and the radial velocity can be displayed on a PPl scope (polar
coordinate plot) for the given height. (Browning and Wexler, 1968) introduced and
demonstrated the method with which wind speed and direction can be obtained
from the amplitude and phase of the VAD measurements.

Later, it was proposed and demonstrated by (Schwiesow et. al., 1985) using a
continuous wave LiDAR that a full conical scan might not be necessary, and that
partial sector scans could be fit to the sinusoid curve using an iterative least squares
approximation method. The results show very good agreement between the full scan
(360°) and half-scan (180°) when sampling within a homogeneous atmosphere. The
scatterplot is given below:
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Figure 11: Wind speed comparison between 360° vs 180° VAD scan
Source: (Schwiesow et. al., 1985)

In more recent times, (Courtney et. al., 2014) used a Leosphere WindCube 200S to
demonstrate the comparison between 30° and 45° sector scans, as well as the
influence of two scanning speeds (2° and 3° /s) when compared to a reference cup
anemometer (incidentally, the same mast and anemometer used in this study). The
results also show good agreement with the reference, with deviations in the order of
3% for wind speed using 45° scans.

3.1.3 Long Range WindScanner System

Even though the WindScanner systems were only recently developed, a number of
successful campaigns have been performed which demonstrate the robustness of the

system and accuracy of the acquired measurements.

The first experiment, “Swinging Musketeer” was performed and detailed in the PhD
thesis work by (Vasiljevi¢, 2014). Three WindScanners were used in triple Doppler
mode (all three beams intersecting) to measure the u, vand w components of the
wind vector at three heights surrounding a met-mast. The results from the 76m scans
show very good agreement with the ultrasonic anemometer and are shown below:
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Figure 12: Results from the WindScanner “Swinging Musketeer” experiment
Source: (Vasiljevic, 2014)
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The second experiment to involve the long range WindScanners was also detailed in

the thesis work of (Vasiljevi¢, 2014). The IBL WiSH campaign reports a number of

successful results:

o |dentification of wind turbine wakes using surveillance scan PPI

o« Determination of the boundary layer height and the presence of a low level jet
using RHI scans

o Validation of radial speed measurements using triple Doppler configuration
against an ultrasonic anemometer over a 9 hour period (results shown in the
figure below)

o Synchronisation of three WindScanners on a complex trajectory to capture 3-
dimensional flow

o Retrieval of the horizontal velocity distribution along a vertical plane
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Figure 13: Comparison of 3 WindScanners to ultrasonic anemometer: 1 min averaged wind speed over 1 hour
IBL WiSH experiment in Havsare, DK
(Vasiljevi¢, 2014)

Another recent experiment involving the WindScanner systems is the Kassel
campaign in Germany. 6 long range WindScanners were deployed in Rodeserberg
with the goal to obtain and validate measurements taken within complex, forested
terrain. The results report proper operation of all systems, including excellent
performance using mobile networking and a beam positioning error of 0.05°. The
systems obtained measurements within 1% of the mast mounted ultrasonic
anemometers (Vasiljevi¢, 2014).
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Figure 14: 10 minute averaged wind speed time series and correlation between WindScanner and sonic 188m
anemometer in Kassel, Germany
Source: (Unpublished from internal report by Guillaume Léa, 2015)
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4 Methodology
4.1 Introduction

The goal of this thesis is to determine the effect of a reduction in sector size against the ability
for a scanning LiDAR to properly obtain wind speed and direction values. For this, some
application specific software was created in order to handle all aspects of the analysis. This
software (automated analysis software, or AAS) and the derived methodologies for data
filtering and wind field reconstruction are presented in the following sections.

4.2 Data Filtering

It is necessary to perform some filtering on the raw data in order to obtain high quality output
with which to perform the analysis. Filtering takes places in the following stages:

o CNRfilter
High CNR values can represent the laser pulse interacting with a hard target, such as a turbine
tower, mast structure/guy wires, etc. The difficulty in strict cut-off based CNR filtering is that
factors such as aerosol concentration are changing over time and can influence the range of
valid CNR values. It is usually apparent from visually comparing the time series graphs of CNR
and radial speed over the scan which values are contaminated.
A suggested range of -25 to -5dB is usually appropriate, however in this analysis the filtering
levels were decided visually (by the operator) within the AAS. A binary column ‘filtered’ is
generated alongside the scan data, where a value of 1 represents a filtered LOS, and a 0
represents an unfiltered one. For the SSvsDD campaign, filtering based on both CNR and radial
speed usually removes 0.3-2% of the values.

The entire raw and filtered graphs can be found in the link within: Appendix B: Raw Data.
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Figure 15: Example of CNR filtering (before and after)
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oc  Radial speed filter
Often, filtering by CNR alone is not sufficient to remove all spurious LOS measurements from
the dataset. This is because CNR filters which are too strict often remove excessive amounts of
valid data points, while filters which are too lenient often leave erroneous values. Therefore, a
combination of both CNR and radial speed filters was determined to be the best approach.
Since radial speeds in a PPI configuration follow an oscillating (sine wave) pattern, it is also
generally simple to find the cut off values by a visual inspection of the radial speed time series
graph. Since the magnitude and sign vary depending on wind speed and LOS direction
(towards or away from the LiDAR), it was decided to also determine cut-off limits by hand.
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Figure 16: Example of radial speed filtering (before and after)

o Any partial scans (not all LOS) filter
After the previous filter functions (CNR and radial speed) have been run on every scenario, the
reconstruction function (called ‘fitting’) breaks down (slices) the dataframe into n-sized smaller
dataframes, with n being the number of LOS within the scan. In the SSvsDD dataset, this
represents a length of 30 rows (60 degree sector size during measurement, with an azimuth
separation of 2 degrees per LOS).

The fitting function then inspects the sliced dataframe containing one scan. If any of the LOS
values have been filtered out, then the scan is discarded (NaN is written on all values for the
scan time). Otherwise, the program continues on to the next step. Removing partially filtered
scans is necessary in order to obtain the highest quality data with which to examine the effect
of reconstruction using smaller sector sizes. In other cases such as normal measurement
operation, this step may not be necessary. Typically, 2-20% of scans within each scenario are
filtered out in the SSvsDD dataset.

o Reduction in sector size filter
Now that we have only full scans remaining with all available LOS radial speeds, the next step is
to determine whether the program is being asked to reconstruct using a smaller sector size
than the original measurement data (only for the purposes of this study). If so, then the scan is
sliced once again into a smaller size of n-rows, where n is the number of LOS desired for the
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given opening angle. For the case of a 30 degree sector reduction from SSvsDD, the new size
will be 16 rows. This is due to a 2 degree separation between each LOS and the way the
azimuth values are recorded in the data.

The middle LOS of the unfiltered scan is chosen, and half the new dataframe length is taken in
both directions (so as to reduce the sector width symmetrically). In certain cases where the new
length is an even number (so it is not possible to reduce the width symmetrically), then 1
additional LOS is included either on the left or right hand side at random.

Waked wind direction and tower shadow effect filter

Due to the close proximity between the point of measurement (met-mast) and both wind
turbines and other light/met mats at the Hovsare site, it is necessary to perform some
additional filtering to remove any possible wake (velocity deficit) or tower shadow effects from
influencing the results of the study.

Using the simple Jensen linear wake model, it is possible to determine the range of wind
directions from the turbines which need to be filtered. Although the Jensen model is not
particularly accurate in near-wake zones, it provides a good first estimate which can be verified
once the linear regression models are run.

Dy =D + 2kX

Where Dy = the diameter of the downstream turbine wake, D = the diameter of the turbine’s
rotor plane, k = the wake decay constant and X = the downstream distance.

Using a k value of 0.075 for flat terrain, we calculate the downstream wake diameter from the
furthest turbine on stand #2:

Dy = (110m) + (2*0.075%1131m) = 280m
And the nearest turbine on stand #5:
Dy, = (113m) + (2 x0.075 * 185m) = 140m

Measuring out the respective wake diameters and removing sectors which could interfere with
the measurement volume gives a wake free zone from 118-270 degrees. The tower shadow
effect is determined to be fully encapsulated within the turbine wake volume. This result is
further verified at the end of the study by plotting the absolute value of the difference between
the LiDAR and reference wind speed against the direction given by the reference wind vane.
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Figure 17: Verification of turbine wake effect from sectors outside 118-270 degrees

o Availability of scans within 10min average filter

When averaging data over a period of time, low number of samples and a non-uniform
distribution of the samples can cause incorrect biasing within the averaged result. Therefore, a
parameter is needed in order to determine how trustworthy the time averaged result is. During
the resampling process of the analysis software written for this study, a column “avail” is
calculated which contains the count of non-null values used to create the binned average. For
the purposes of this dataset, we require that at minimum 19 samples (out of a maximum of 50)
be available in order to trust the 10 minute averaged output. This is due to larger errors
observed with less than 19 samples (38%) used in the averaging calculation.

Wind speed between 4 and 25 m/s filter

For the purposes of the RUNE project, we are only interested in values which are within the
operating range of a wind turbine. Therefore, we have chosen wind speed limits which closely
resemble the cut-in and cut-out range of a modern utility scale wind turbine, such as the
Siemens model SWT-2.3-93 (Siemens Wind Power, 2015).

Further, cup anemometers are notoriously prone to poor performance at low wind speeds. The
wind tunnel calibration for this specific anemometer, performed by Deutsche WindGuard and
attached in: Appendix E: Cup Anemometer Calibration , indicates a measurement uncertainty of
0.05 m/s at wind speeds of 4.085 m/s.

4.3 Reconstruction Algorithms

4.3.1  Wind Vector Components

Atmospheric (wind) flow is a 3 dimensional kinematic system and can be broken
down into the vector components (u, v, and w). Remote sensing devices (e.g. LiDAR)
can only measure the component of the wind velocity which is parallel to the LOS
beam. Therefore, the radial velocity which is measured is actually the projection of the
true wind speed on the laser’s line of sight.
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The magnitude of the wind components projected along the radial LOS in the zero
degree elevation case is given by:

rs (m/s) =ws xcosf

Where ws represents the true wind speed and 0 represents the angle between the
wind direction and the radial LOS.

When the wind direction is aligned with the radial LOS such that (8 = 0 or 180°), the
radial velocity will represent the true (or negated) wind speed. For cases where the
wind direction is perpendicular (6 = 90 or 270°) such that cos 8 = 0, there will be no
component projected along the LOS, and the LiDAR will be unable to measure any
portion of the wind.

When extending the equations to scenarios which include an elevation angle higher
than zero, these components together form the radial speed (rs) vector through:

rs (m/s) = ucos(@) cos(p) + vsin(O) cos(p) + w sin(¢p)
Where 8 represents the azimuth angle, and @ represents the elevation angle (altitude).
Component u represents the zonal velocity along the east-west axis.
Component v represents the meridional velocity along the north-south axis.

Component w represents the vertical velocity. In this analysis we disregard the vertical
wind component (see section 4.3.2 for more information on this).

Knowing the true wind speed and direction, it is simple to obtain u and v components
in the following way:

u = ws * cos(dir)
v = ws * sin(dir)

In order to work backwards and obtain the familiar scalar horizontal wind speed value
(expressed in m/s), we calculate the magnitude of the u and v components using the
Pythagorean Theorem:

Vu? + v?

cos ¢

horizontal ws =

Lastly, the wind direction is obtained using the two argument inverse tangent
function (atan2). This is due to necessary inputs on the component signs (+/-) and
limitations with the single argument (arctangent) function returning undefined values
when u =0.

180

dir (degrees) = atan2(u,v) *
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It is important to note that the direction result is expressed in mathematical terms
(Northerly =360 or 0°, Easterly = 90°, Southerly = 180" and Westerly = 270°) instead of
meteorological terms where (Northerly = 270°, Easterly = 180°, Southerly = 90° and
Westerly = 0 or 360°). A detailed explanation of coordinate system standards can be
found in (Long, 1994).

4.3.2 Assumptions

In sector scan campaigns, we utilise low elevation angles such that we regard sin ¢ =
0 and disregard the vertical component w in our equations. It is possible to obtain the
vertical component (w) using dual Doppler measurements by first assuming w =0 as a
surface condition and then iterating the continuity equation:

du v ou  ov
{;:111-),,—(1711-]“:— ol—+— | Ao—pl —+—| Az |-
dv  av ), v av),

Until the mean difference between horizontal and vertical results approach some very
small limit. A full derivation of this principle can be found in the appendix of
(Huddleston, 2012). Using three of more LiDARs (i.e. triple Doppler), it is possible to
directly measure all three vector components (u, v and w) from a single point in space
with no assumptions.

Since sector scanning requires LOS measurements over a distributed area in order to
reconstruct wind speed and direction, we must also make the assumption that the
horizontal flow over the entire scanned area is homogeneous. The effect of this
assumption will vary depending on sector size, complexity of flow, atmospheric
stability, turbulence, etc. More background on this is presented in the next section.

4.3.3 Sector Scan (PPI) Reconstruction

There are numerous methods to reconstruct horizontal wind speed and direction from
radial LOS measurements in a single Doppler PPl scenario. The core idea is that for a
single LiDAR to obtain estimations for u and v, multiple spatially separated points
must be sampled. This is because at minimum, two radial speed measurements are
necessary to obtain estimates of u and v.

Two main approaches exist for PPl reconstruction: Variational Assimilation
(mathematical minimisation of an error/cost function to produce lowest expected
variances), and simple statistical/geometric fitting, such as VAD or Velocity Azimuth
Processing (VAP). We will employ the simplified models in this analysis.

The simplest approach for PPl scans less than 360 degrees is to use the integrated, or
extended VAD reconstruction algorithm. Radial speed data is point processed to fit to
a sinusoidal curve. The fitted function then has the representative properties:
amplitude = wind speed, phase = wind direction, and offset = vertical velocity
(Browning, 1968).
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Figure 18: Point process fitting of radial speed values to sine function from 60° sector
scan

The highest or lowest point of the sine wave’'s amplitude represents the best fitting
area, as it provides the most distinctive shape within the curve with which to match.
Therefore the reconstruction algorithm results in the lowest measurement error at the
peak and base of the fitted trigonometric function.

As a reminder from what was mentioned in: Assumptions, the horizontal wind
conditions (e.g. speed, direction and composition) over the scanned area must be
considered uniform in order to solve the equations.

The simplest VAP approach only takes into account the start and end measurement
points of the scanned arc. The points are fit to a sine curve using a trigonometric least
squares regression, in which the residuals of the fitted points are minimised.

Ve, sinfy — Vy, sinf
sin (01 - 92)

u=

Vp, costy — Vp, cos bz
sin (91 — 92)

U=

An improvement on this simplified model is extending the formula to include
measurements over the entire scanned area (i.e. integrating the elements from the
start to stop azimuth range). In practice, this results in a summation of the angularly
separated LOS velocities. The formulas for obtaining u and v estimates using the
integrated VAP method are given below:

B (Zg:’j (rs = cosf)# g:’: (sin® g)) — g:’: (rs=sind) = Zg:’: (cos @ = sind))

= - E R .
((geter cos2g) + Yopeter sin? 0)) — (g% (cos 6 + sing))2)

_ (Zg:’“ (rs =sin#) = ?""”” (cos?8)) — ( Betop (rs=cosf) = Zg:’: (cos @ % sind))

rt Pstart ot nre

(X grter, cos?6) + g7 sin® 6)) — (35777 (cos 0 + sing))?)

v
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Once estimates for u and v are calculated, it is simple to calculate the horizontal wind
speed and direction using the formulas presented in section: 4.3.1.

4.3.4 Dual Doppler Velocity Retrieval
The dual Doppler retrieval algorithm used in the analysis is as follows:

For each LiDAR index i (#1 or 2), the radial speed measurement u;,; can be used to
obtain estimations of the vector components (u, v, w) of the wind speed.

U,; = usinf; cos @; + v cos6; cosp; + wsin @;

Where 6 represents the azimuth angle and ¢ represents the elevation angle of
each respective LIiDAR.

Since the elevation angles used in the experiment are sufficiently small, we can
assume that the vertical component w does not contribute to the observed radial
speed vector and discard it. The formulas for obtaining u and v estimates are
given from (Newsom, 2015):

1,4 cos 8, cos ¢, — 1,5 cos B, cos ¢q

COS ¢4 cos ¢, (sin B4 cos B, — sin B, cosb,)
and

i, sin 8, cos ¢ — 14 Sin B, cos @,

€0S (1 cos ¢, (sin B4 cos B, —sinf, cosb,)

Once solutions for u and v are obtained, they can be combined using the same
approach for sector scan reconstruction to obtain the horizontal wind speed and
direction.

4.4 Overview of Automated Analysis Software (AAS)

A centralised and automated application was developed during the course of this thesis which
handles the entire sector scan and dual Doppler analysis workflow. It is written in Python
(version 3.4.3) and is released open source under the Creative Commons
Attribution-ShareAlike 4.0 International License (Creative Commons, 2015). The data structure
used is the pandas DataFrame, which is a 2-dimensional array similar to NumPy’s ndarray. The
pandas library was chosen due to its integrated indexing, quick searching, subsetting and
grouping, and time series functionality. Plotting functions are handled by matplotlib.

4.5 Analysis Workflow

45.1 Software Architecture

The AAS was written using object oriented design and is well documented. A
flowchart is presented showing the high level processes:
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Figure 19: Automated Analysis Software (AAS) architecture flowchart
The steps are further explained in the following list:

oc Initialisation:
Loads config.ini file, which contains campaign specific data. Ex. MySQL database
configuration, range gate (distance) for analysis, sector size, list of scan ids, time
offset, CNR and radial speed filter limits. Also sets up logging object and records to
Jog file

o Database connection & queries:
Loops through the list of scan ids, specifying SQL queries and fetching data

o Formatting & conversion:
Fix azimuth stamps, join necessary columns

o Filtering:
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If ranges are provided, apply filters for CNR and radial speed. Otherwise plot
unfiltered data and prompt for limits before filtering

Plotting:

Plot the filtered data and ask for user approval. If not approved, return to previous
step and prompt for new filters

Reconstruction:

Slice data into n-length scans (n= number LOS) and apply iVAP equations to
calculate u, v and subsequently horizontal speed and direction

Resampling:

Resample fast data into 1 and 10 minute averages, with the time stamped at the end
of the period. Apply a time shift if provided. Also count the number of non-NaN
values and place in a column called ‘avail’. Append the results for this scan id to the
master results dataframes

Processed all scans?

If there are any scan ids remaining, loop back to acquiring data

Output to disk:

Write the master results dataframes (fast, 1min, 10min) to a .csv file and save the
results plots to the hard drive. Exit the program successfully
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5 Data Acquisition: Hgvsgre SSvsDD Campaign
5.1 Preface

Initially, this thesis began with investigating the measurement data taken during the wisscas

campaign (WindScanner Site Calibration Assessment for Siemens) in January 2014 at the

Hovsgre test station. This was part of a larger experiment which was ended by a lightning strike

which disabled many of the reference instruments. The WindScanners were updated to

measure above a different met-mast which is operated by Vestas. However, a series of

limitations arose during the analysis which diminished the scientific quality of the study. Mainly:
o« Wind vane was taken offline for maintenance

(direction values could not be collocated)

Data was only stored for 10 minute averages

Icing potential (cup anemometer operating outside of calibration limits)

Unusual climate conditions (winds from East)

Significant wake interference from the turbines due to the unusual wind direction

8 8 8 8§

Therefore, it was chosen to switch to the SSvsDD dataset instead, which increased significantly
the quality and confidence of the results.

A small study from the wisscas data, which investigates the possibility of extracting “simulated”
dual Doppler measurements from two LiDARs performing sector scans is presented in:
Appendix F:.

5.2 Overview

The Sector Scan vs. Dual Doppler (SSvsDD) experiment was initiated in order to test the
performance of two WindScanners in dual Doppler mode against one WindScanner in sector
scan mode. The main commercial purpose of the study is to determine whether two
WindScanners in dual Doppler mode are actually needed in order to accurately measure wind
speed and direction for the purpose of resource assessment and wind farm site optimisation.
Utilising only one WindScanner in sector scan mode allows for a reduction in project costs as
well as the opportunity to increase measurement area by dedicating the second WindScanner
to another purpose.

The campaign took place from April 30, 2014 until May 7, 2014 at DTU's test centre in Havsere,
Denmark. Three WindScanners were deployed, with two configured in a fixed, staring LOS
configuration (dual Doppler), while the other was performing 60 degree sector scans. The
middle LOS of the sector scan intersected with the dual Doppler beams directly above a cup
anemometer on the site’s southern 116.5m met-mast. This allows for a comprehensive
comparison between the three measurement approaches, which will be presented within the
results and conclusion section.

5.3 Location

Measurement data used in this experiment was collected at the Danish National Test Centre for
Large Wind Turbines at Hovsere, on the Western coast of the Jutland peninsula in Western
Denmark. The site is administered by DTU Wind Energy, with offices located at: Bevlingvej 41B
7650 Bavlingbjerg, DK (UTM: 32V, 447901.40 m E, 6256574.19 m N).
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Figure 20: Location overview of Hpvsgre Test Station
Source: Modified from (Google Maps web, 2015)

The site was chosen for its extensive instrumentation, technician support, and history of
validated and published literature which will be referred to in the review section. This helps to
minimise the amount of unforeseen parameters which can affect the results of the study.

The Hovsare site consist of flat, simple terrain with only small elevation changes nearby. The
maximum elevation is 3m (max slope 2.6%) and minimum -1m (min slope -2.5%). Met mast #6
lies at Om elevation and 0% slope.

1 ki 125 km 15 %m 1.75 km 2 225 km

Figure 21: Elevation profile 1.5 km east and west of the met-mast
Source: Modified from (Google Earth, 2015)

Directly west of the site (1.45 — 2km) lies the North Sea. At the coastline, there is a small dune
running parallel to the shore with maximum elevation of 3m (min 0m) and maximum slope of
3% (min -3.8%). The maximum height occurs directly west of met-mast #3 (at 260 degrees to
met-mast #6).

R N N —

Figure 22: Elevation profile of coastline (2km parallel to Havsare site)
Source: Modified from (Google Earth, 2015)
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5.4 Layout

The Havsare test site consists of 5 turbine stands, each with a respective met-mast located
directly west. There is also a tall met-mast (116.5m) located at the south end of the site near the
LiDAR calibration pad. Additionally, there are two 160m aircraft warning light towers to the east
of the north & south turbine stands. Each structure is shown below in the site layout overview.

AWTGH

(uight Mast 1

57U office

iMast:3

ANTG4
Light:Mast 2 Q

Mast 4 #

fMast 6 (Tall Mast)

Figure 23: Overview of site layout
Source: Modified from (Google Earth, 2015)

Three WindScanners were deployed within the campaign. Two devices (WS_K: Kosava and
WS_W: Whittle) were set-up in dual Doppler mode, with a 63 degree opening angle intersecting
just above the southernmost met-mast. The other (WS_S: Sterenn) was configured in 60 degree
sector scan mode, with the middle line of sight collocated both with the dual Doppler beams
and also a cup anemometer mounted on top of the 116.5m met-mast. The wind direction is
taken from a wind vane mounted at 100m on the same tower. The campaign specific layout can
be seen in the following figure:
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Figure 24: Overview of campaign layout
Source: Modified from (Google Earth, 2015)

Geospatial coordinates for the devices were measured using differential GPS with an accuracy
of 10cm. The results are presented in the following table (UTM system, Zone 32V):
Table 2: SSvsDD deployment positions

(base)

Object Easting (m) Northing (m) Height (m) Elevation
Angle
(degrees)
WS_K 447450.548 6256541.135 4.054 6.1
WS_S 447893.983 6256558.133 5.078 5.96
WS_W 448937.717 6256404.894 5.409 4.25
116.5m Met-Mast 447647.39 6255435.76 4.836 N/A

Because turbine manufacturers are constantly replacing and modifying their installations at
Hovseare, the following table will document the site’s status during the experiment. It is
important to note that there was no turbine installed on stand #1 during the measurement

period.
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Table 3: Turbine specifications at Hovsgre
Source: (DTU Wind Energy, 2015)

Stand Company Model Power (MW) Rotor Hub Height Tip
Diameter Height
1 NONE NONE NONE NONE NONE NONE
2 Vestas V90-2.0MW 2.0 90 84 129
3 Siemens SWT 4.0/130 4.0 130 95 160
4 Nordex N100-3.3 33 100 75 125
5 Siemens SWT 3.0-113 3.0 113 99,5 156

5.5 Measurement Scenario

5.5.1 Hard Target Mapping

The general approach outlined in: Site Deployment Procedures was followed before
any measurements were taken. The CNR mapper output is presented in the following
figures to validate that the devices were functioning normally and that the correct
azimuth, elevation and range gates were used in the analysis.
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Figure 25: CNR Mapper results: Kosava
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Figure 26: CNR Mapper results: Sterenn
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Figure 27: CNR Mapper results: Whittle

5.5.2 WindScanner #1: Sterenn

Table 4: WindScanner configuration: Sterenn

WindScanner Sterenn :

Property Value

Scan type:

PPI (sector scan)

Sector size: 60 degrees
Elevation angle (¢): 5.36 degrees
Elevation offset: 0.6 degrees

Azimuth range (Bstart : Bstop):

150.xxx : 208.xxx (auto-reversing)

Azimuth offset:

12.31 degrees

Linear distance:

1149.14 m

Range gate to cup:

1166 m (41 range gates in total)
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Position (UTM): {447893.983m E, 6256558.133 m N, 5.078 m
Height}

Scanning speed: 2.5 degrees /s

Time per scan: 12s

Azimuth separation: 2 degrees per LOS (30 LOS)

Pulse length: 200 ns

Accumulation time: 400 ms

FFT size: 64

We find linear distances between the WindScanners and the base of the met-mast using the

Euclidian distance approximation:

distance = J(E; — E;)2 + (N; — Ny)2 + (H, — H,)?

Where E; and N;represent the Easting and Northing components of the UTM coordinates and H;

represents the object’s altitude above sea level (ASL).

Line of sight distances between the WindScanners and the cup anemometer are then

calculated using the same formula, considering to aim above the cup anemometer (to avoid

potential hard target contamination).

Figure 28: Sterenn measurement geometry

5.5.3 WindScanner #2: KoSava

Table 5: WindScanner configuration: Kosava

WindScanner Koshava : Property Value
Scan type: Fixed LOS (dual Doppler with Whittle)
Elevation angle (¢): 5.32 degrees
Elevation offset: 0.78 degrees
Azimuth angle (6): 165.66 degrees
Azimuth offset: 3.46 degrees
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Linear distance:

1122.76 m

Range gate to cup:

1135 m (41 range gates in total)

Position (UTM):

{447450.548, 6256541.135, 4.054}

Pulse length: 200 ns
Accumulation time: 500 ms
FFT size: 64

T

-
-8

Figure 29: KoSava measurement geometry

5.5.4 WindScanner #3: Whittle

Table 6: WindScanner configuration: Whittle

WindScanner Whittle : Property Value
Scan type: Fixed LOS (dual Doppler with Koshava)
Elevation angle (@): 3.1 degrees
Elevation offset: 1.15 degrees
Azimuth angle (6): 229.57 degrees
Azimuth offset: 2.82 degrees
Linear distance: 1613.74 m

Range gate to cup:
Position (UTM):

1625 m (41 range gates in total)
{448937.717, 6256404.894, 5.409}

Pulse length: 200 ns
Accumulation time: 500 ms
FFT size: 64
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Figure 30: Whittle measurement geometry

5.6 Data
Structure / Overview

The WindScanner systems operate using complex monitoring, calculation and control
processes. As such, a large amount of data is generated for numerous variables.
Because the systems operate at different sampling rates, an asynchronous storage
system has been implemented in order to prioritise certain variables (mainly motor
control and scanner head positioning) over others such as device position (GPS
coordinates, altitude) and movement (heading, pitch, roll). This conserves disk space,
power draw and processing resources.

Each WindScanner records data locally within text based log files. The storage process
is broken down into four parts: scenario, system, control and measurements. The
variables and their interpretations are presented in the following section.

Raw data within the four tables is stored locally until retrieved via mobile 3/4G
connection (SFTP) or manually copied via LAN, USB, etc. Next, they are loaded into
DTU’s internal MySQL server under a new schema created for each campaign.

Currently, there is no parallel processing of data into reconstructed wind speed and
direction. Raw measurement data is post-processed according to the user’s
specifications. An automated data processing system will soon be developed at DTU,
which outputs data on multiple levels depending on the user’s needs.

5.6.2 WindScanner Database

The four database table structures are presented below. Variables and their
significances are further detailed:

Table 7: Table overview of the WindScanner database
Determination of an Optimum Sector Size for Plan Position Indicator Measurements
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Scenario Table:

scn_id (Scenario
ID)

# (sequential)

(Primary key) Unique identifier within the
campaign database assigned when new
trajectory is loaded and executed. Disruption of
measurement process also increments the
scn_id field once resumed

scn_type (Scan
Type)

LOS, PPI, RHI, DBS,
CTC (complex
continuous), CTD
(complex
discontinuous)

3 letter code indicating the type of scan being
run. LOS = line of sight, PPI = plan position
indicator, RHI = range height indicator, DBS =
Doppler beam swinging, CTC or CTD = complex
trajectory (such as virtual line or other pattern)

dt_start seconds (decimal) Timestamp at start of scan. Value is LabVIEW
epoch (seconds after January 1, 1904

dt_stop seconds (decimal) Timestamp at end of scan. Same format as
dt_start

gw_start_id # (sequential) First gw_id executed for each scn_id

gw_stop_id # (sequential) Last gw_id executed for each scn_id

pulse ns Pulse length (duration) of the laser. Value is set

depending on targeted distance

fft (Fast Fourier
Transform) size

# (64, 128, 256)

Resolution size of FFT function which converts
the raw Doppler spectra (time domain) into
frequency domain. Larger FFT size gives higher

resolution, but takes longer to compute

System Table:
Field Unit / Value Interpretation
scn_id (Scenario # (sequential) Linked to scenario table (primary key)
ID)
dt seconds (decimal) | Timestamp of measurement. Stamped at the end
of the accumulation period. Same format as
dt_start+stop
lati decimal + N/S Latitude in decimal form taken from GPS
longi decimal + E/W Longitude in decimal form taken from GPS
alti m Height above sea level (ASL)
head degrees Position angle relative to North
pitch degrees Tilt angle (forwards and backwards)
roll degrees Tilt angle (side to side)
temp °C Internal temperature of the WindScanner
humid % Relative humidity inside the WindScanner

Control Table:

scn_id (Scenario
ID)

# (sequential)

Linked to scenario table (primary key)

gw_id # (sequential) Global identifier for every scan executed within
the scn_id

dt_start seconds (decimal) | Linked to scenario table

dt_stop seconds (decimal) | Linked to scenario table
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azim degrees Azimuth position of scanner head for each
measurement point. In dynamic scan types, the
middle angle is recorded in the database

elev degrees Elevation position of scanner head for each
measurement point. In dynamic scan types, the
middle angle is recorded in the database

nbRG # Number of range gates recorded for the LOS
(usually 41)
acc ms Accumulation time of photodetector after

emitting the laser pulses. Longer accumulation
time is needed for further distances, but will
increase scanning time

Measurement Table:

gw_id # (sequential) Global identifier for every scan executed within
the scn_id
dist decametre (10m) | LOS distance stamp for radSpeed and cnr.

Measured in decametres (1dam = 10m)

radSpeed m/s Radial velocity measurement. Negative value
represents aerosol moving away from
WindScanner

cnr dB Carrier to noise ratio. Very high value represents
interaction with hard target. Low value represents
lack of signal. General expected range: -25 = CNR
(dB) <5

disp # Doppler (spectral) broadening due to non-
uniform velocity distributions within the sampled
volume

5.6.3 Met-Mast Instrumentation

The reference data used in this experiment comes from the 116.5m met-mast located
at the south of the Hovsgre site. Internally this is referred to as the “tall mast” and is
used often for commercial LiDAR calibrations. Each instrument’s data logger has a
different sampling rate, which is averaged into 10 minute periods and loaded into the
DTU MySQL server. The mast contains the following instrumentation:

Table 8: Mast instrumentation at Hovsare
Source: Source: (Peria et. al., 2015)

Measurement Instrument Height (m)

Wind speed Risp P2346A cup anemometer 2,00, 40, 60, 80, 100, and 116.5
Wind direction Risg P2021 A wind vane 10, @01, and 100

Relative F2920A Vaisala HMP43A RH/ 2 and 100

Humuidity T probe radiation shield

Temperature Risps P2642 A sensor 2,400, al, B, and 100
Gradient Riseg P202Y radiation shield (relative to the lowest level-2)
Temperature Rise P2449A sensor/ =005, 2, and 100

{Absalute) Rise P2029 radiation shield

Pressure P2717A Vaisala barometer PTB 100 2 and 100

Turbulence Metek USAL F2901A sonic 10, 200, 40, 60, 8D, and 100
Solar radiation F2253C CMI1 pyranometer 2
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A graphical summary of the instruments is also taken from (Pefa et. al., 2015):
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Figure 31: Overview of Havsare met-mast instrumentation
Source: (Pefaet. al., 2015)

The calibration certificate for the 116.5m cup anemometer is attached in the
appendix.
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6 Results

6.1 Met-Mast / Reference

Using the data captured by the numerous instruments mounted on the met-mast, a detailed
description of the site’s atmospheric conditions can be made throughout the experiment.
Summary statistics from the anemometer are shown in the following table:

Table 9: Summary statistics: Wind speed (cup anemometer) at 116.5m
Wind Speed (cup) at 116.5m Value (m/s)
Minimum 1.799
1t quartile (middle value between | 5.351
minimum and median)
Median 7.783
Mean 7.840
3 quartile (middle value between | 10.292
median and maximum)
Maximum 14.577

Along with a time series graph over the measurement period for wind speed:
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Figure 32: Time series: wind speed, met-mast cup anemometer at 116.5m
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Figure 33: Time series: wind direction, met-mast vane at 100m

Leading to the following probability density functions, with rug plots indicating sample

positions along the x axis:
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Figure 34: Probability density functions (PDF) of wind speed (116.5m) and direction (100m)

Through which we can fit a two-parameter Weibull function of scale (A = 8.9 m/s) and shape (k

= 2.75) with a mean value of 7.9 m/s.
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Figure 35: Weibull fit: wind speed at 116.5m

Further, we can inspect the variation in wind speeds over all instrumented heights (10, 40, 60,
80, 100 and 116.5m) through a time series graph:

Mean wind speed

T T T T T T T T T T T T T T T
2014-04-30  2014-05-01  2014-05-01  2014-05-02  2014-05-02  2014-05-03  2014-05-03  2014-05-04 2014-05-04  2014-05-05  2014-05-05 2014-05-08 2014-05-06  2014-05-07  2014-05-07

[— 1165m- — 100.0m- — 100.0m- — 800m- — 60.0m- — 40.0m- — 10.0m- |

Figure 36: Time series: wind speed over heights 10, 40, 60, 80, 100 and 116.5m
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And polar wind speed and direction roses over heights 10, 60, 100, and 116.5m:

Frequency (%) - 10.0m - Frequency (%) - 60.0m -

5-10ms — 5-10mis — 10-15mis  15-20mis — =20 m's | 5-10mis — 5-10mis — 10-15mis  15-20mis — =20 m/s

Freguency (%) - 100.0m - Frequency (%) - 116.5m -

5-10ms — 5-10ms — 10-15mis  15-20mis — =20 mis | | 5-10ms — 5-10miz — 10-15ms  15-20 mis — >20 m/s

Figure 37: Wind roses over heights 10, 60, 100, 116.5m
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Producing the following logarithmic wind profile:
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Figure 38: Vertical wind speed profile from 10-116.5m

From these results, we show that during the experiment period, site conditions are normal
(vertical wind shear is within expectations) and that the reference instrumentation is operating
correctly.
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6.2 Dual Doppler
6.2.1 Time Series: Dual Doppler

The results from the dual Doppler analysis are presented in the following time series
graphs for wind speed and direction. 10 minute averaged values are used.
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Figure 39: Time series graph: Dual Doppler vs. reference (wind speed)
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Figure 40: Time series graph: Dual Doppler vs. reference (wind direction)

6.2.2 Dual Doppler: Agreement with Reference

Scatterplots comparing the 10 minute averaged dual Doppler results to the reference
(cup anemometer) are given in the following figures, along with the results of the

linear fit models:
WSLipAR = WSmast + 0and diripag = ditipase + B
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6.2.3 Wind Speed

6.2.4 Wind Direction

wsLipar = (0.999) wspeer + 0
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Figure 41: Scatterplot: Dual Doppler vs. reference (wind speed)

dirLiDAR = (1.024’) dirmast - 4.532
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Figure 42: Scatterplot: Dual Doppler vs. reference (wind direction)
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6.3 Sector Scan
6.3.1 Time Series: Sector Scan, 60 degrees

The results from the original (60 degree) sector scan analysis are presented in the
following 10 minute averaged time series graphs for wind speed and direction.
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Figure 43: Time series, 60 degree sector scan vs. cup (wind speed)
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Figure 44: Time series, 60 degree sector scan vs. cup (wind direction)
6.3.2 Plot Matrix: Sector Size Variations

The SSvsDD dataset has been reconstructed using opening angles: 60, 50, 44, 38, 30,
22, 14, 8 and 4 degrees. The purpose of which is to determine the effect of larger and
smaller sector sizes on the: overall shape (linear regression coefficient), overall fit (r?

coefficient), amount of scatter (residuals) and bias of scatter (under/over prediction).

The plots comparing the reconstructed 10 minute averaged wind speed and direction
from the LiDAR to the collocated cup anemometer (reference measurement) are given
in the following section. Boxplots are also included along both the x and y axes, which
represent (starting from the origin) the minimum, first quartile (middle value between
minimum and median), median, third quartile (middle value between median and
maximum), and maximum values. An investigation of the scatterplot, linear fit model
and the boxplot will together indicate the how well the reconstructed data matches
the reference instrumentation.

For readers using electronic mediums, animated versions of the wind speed and direction results
are presented in:
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Appendix C: Animated Results, which exhibits the degradation of the fitted results as

the sector size decreases.
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Figure 45: Scatterplots of various sector sizes vs. reference wind speed (SSvsDD)
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6.3.5 Table of Statistics

Figure 46: Scatterplots of various sector sizes vs. reference wind direction (SSvsDD)

The following tables list the most important statistical parameters of the linear fit
models:

WSmast = A WSpipag + 0and diry g = a dirpipagp + B

Table 10: Result of linear fit models (reconstructed wind speed vs. reference) of various sector size

reconstructions (SSvsDD)
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sector size number of coefficient r? median residual standard
(degrees) samples deviation of
residuals (o)
60 148 0.998046 0.9977 -0.05815 0.32
50 148 0.997089 0.9975 -0.05689 045
44 148 0.996350 0.9972 -0.05475 0.45
38 148 0.994067 0.9968 -0.02647 045
30 148 0.985658 0.9959 0.01645 0.55
22 148 0.972177 0.9945 0.1011 0.55
14 148 0.93811 0.9907 0.1650 0.77
8 148 0.863839 0.9851 0.2135 0.55
4 148 0.709620 0.9719 0.2182 0.77

Table 11: Result of linear fit models (reconstructed wind direction vs. reference) of various sector size
reconstructions (SSvsDD)

sector size n coefficient intercept (B) r? median standard
(degrees) residual deviation of
residuals (o)

60 147 1.030948 -7.469123 0.9941 0.2452 3

50 147 1.032669 -7.761162 0.9937 0.1382 3

44 147 1.034897 -8.225787 0.9929 0.0286 3.32

38 147 1.037025 -8.686731 0.9918 -0.0286 3.46

30 147 1.040643 -9.481138 0.9888 0.0106 4,12

22 147 1.05417 -12.41524 0.981 0.338 5.29

14 147 1.1147 -24.2111 0.9671 0.1242 7

8 147 1.22598 -46.32213 0.9315 0.204 10.1

4 147 1.44477 -91.42641 0.8546 0.157 14.7
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7 Discussion & Conclusion
7.1 Sector Scan vs. Dual Doppler Comparison

Results from the dual Doppler and sector scan analyses both show excellent agreement overall
with the mast instrumentation. Linear fit coefficient estimates for wind speed of 0.999 (dual
Doppler) and 0.998 (60° sector scan) along with high r? values show that on average, wind
speeds are accurately measured using both techniques. Similar results are obtained for wind
direction.

When examining wind speed measurement performance, the sector scan approach exhibits
larger amounts of scatter (higher residuals) on a systematic level. The bias of scatter
(over/under prediction) appears to be uniformly distributed. The wind speed range between 8-
11 m/s also exhibits larger errors in this particular case.

The sector scan results perform just as well as dual Doppler for wind direction retrieval. The
author’s hypothesis for this is that wind direction tends to be more homogeneous in
undisturbed flow than wind speeds. This means that the assumption of horizontal
homogeneity contributes a smaller error than the case for wind speed reconstruction.

In conclusion, for project developers simply interested in performing a site level resource
analysis, with the goal of obtaining broadly accurate 10 minute averaged wind speed and
direction values, the sector scan method is appropriate and recommended. The addition of a
second scanning LiDAR in dual Doppler mode would be an extraneous investment, which
would not considerably improve the accuracy of the result. For other purposes in which a
minimised error is essential, then the dual Doppler configuration is shown to perform better for
the case of retrieved wind speeds.

7.2 Optimum sector size

From comparing linear fit models for the various sector size reconstructions against the
reference instrumentation, it is shown that there is no significant difference between using a
wide scanning angle of 60° compared to 30°. To further demonstrate this point, time series
graphs are presented which compare the mast with 30 and 60 degree reconstructions:
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Figure 48: Time series comparison: mast vs. 60 vs. 30 degree sector scan (wind direction)

It appears the optimum case lies between 30 and 38 degrees. Using angles smaller than 30
degrees quickly degrades the relationship for both wind speed and direction.

It is postulated that this result is due to the larger atmospheric volume being sampled with
increased sector sizes, and the assumption of homogeneity within the volume. Taking an area
larger than necessary to derive the vector components will not improve the quality of the
result.

This is a significant outcome, which will be further verified in the RUNE campaign. Using a
smaller sector size has numerous advantages over larger areas when systematic error is
unaffected. Utilising a 30 degree sector size compared to 60 degrees leads to twice the
sampling rate of the system (which reduces averaging error). Further it opens the possibility to
dedicate the saved time to increasing the pulse backscatter acquisition length (leading to
further measurement distances), and/or to increase the scan’s resolution by lowering the
angular azimuth separation. Additionally, it allows for more precise targeting of the area of
interest, particularly at large distances.
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8 Proposed Extension of Work

Although outside the scope of this thesis project, some ideas on how to continue the work of
understanding and optimising sector scan usage are presented here. Many of these topics will
be incorporated into future experiments, such as RUNE.

o Automated filtering
It should be possible to automate the CNR and radial speed filtering steps with some
basic signal processing techniques, either during the acquisition period or by post-
processing the CNR and radial speed values. One hypothesized approach is to examine
the shape of the signal over a moving average and determine high resolution filters
which can adjust dynamically to the stable conditions. This implementation would lead
to an increase in available data points as well as reduce time spent on data cleaning. In
order to preserve (potentially desirable) artifacts including turbulence and for device
troubleshooting, it is suggested that for non-commercial purposes this automation take
place after the data has been acquired normally (through post-processing).

o Reducing measurement uncertainty
As mentioned earlier, factors such as the dynamic scanner head positioning, LiDAR
support platform rigidity, experimental design, etc. all contribute to the overall quality
of the measurements. Investigation and improvement along this theme is currently
being undertaken by the WindScanner development team, in particular Nikola
Vasiljevic.

o Higher elevation angles
It may be necessary in some scenarios to measure at higher elevation angles. Due to the
limitations imposed by the SDVR approach, it is not possible to determine the vertical
component of the wind flow using a single LiDAR. Thus, it is unknown whether the
results of this study would apply to higher elevation angles. The forthcoming
experimental hub height “balconies” at the @sterild test center will allow for further
research in this area.

o« Goodness of fit parameter
There were plans to include this feature in the AAS, but they were never fully realised. It
would be useful to create a reference value which could be used in the filtering stage,
which represents how well the points fit to the sine wave. In some cases, a single or
series of abnormal points can cause the fitting function to be shifted or misaligned. The
ability to filter out these deviances with an additional variable would be immensely
helpful.
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Appendix A: AAS Source Code

The AAS source code is released open source under the Creative Commons Attribution-
ShareAlike 4.0 International License. The licensing terms are available at (Creative Commons,
2015.

Sector scan AAS:
http://elliot-simon.com/msc-thesis/sectorscan.py
Mirror: https://github.com/elliotsimon/msc-thesis/blob/master/sectorscan.py

Dual Doppler AAS:
http://elliot-simon.com/msc-thesis/dualdoppler.py
Mirror: https://github.com/elliotsimon/msc-thesis/blob/master/dualdoppler.py

Appendix B: Raw Data

Sector scan CNR & radial speed graphs:
http://elliot-simon.com/msc-thesis/ss-data.pdf
Mirror: https://github.com/elliotsimon/msc-thesis/blob/master/ss-data.pdf

Dual Doppler Sector scan CNR & radial speed graphs:
http://elliot-simon.com/msc-thesis/dd-data.pdf
Mirror: https://github.com/elliotsimon/msc-thesis/blob/master/dd-data.pdf
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Appendix C: Animated Results
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Figure 49: Animated result: Wind speed sector size
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Figure 50: Animated result: Wind direction sector size
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Appendix D: WindPRO Meteo Data Export
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Appendix E: Cup Anemometer Calibration Results

Kalibrierschein
Calibration certificate

Kalibrierergebnis:

Result:
Gegenstand Cup Anemometer
Gbject P File: 1413414

Test llem Tunne! Speed Uncertainty (k=2)

Hersteller WindSensor Hz s i
Manufoctursr DK-4000 Roskilde 6.271 4,085 0.050
Typ P2546A-OPR 9.469 6.038 0.055
Tiue 12.451 7.882 0.050
Fabrikat/Serien-Nr. 5543 15.450 8.720 0.051
Seril sumbey 3140 . 18.587 11.663 0.057
Auftraggeber Risoe DTU | I 13,624 0.051
Qustomer DK-4000 Roskilde 24,928 15576 0.057
Auftragsnummer VT140675 2263 14550 0.051
Order No. 20212 12,657 0.053
Anzahl der Seiten des Kalibrierscheines 3 o8 1080 2.068
Nurmber of pages of the certificate 13.865 8.781 0.051
Datum der Kalibrierung  26.06.2014 10008 il L
Date of colibration 7.830 5.137 0.050
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Appendix F: Extraction of Dual Doppler from Unsynchronised
PPI Scans

F.1 Abstract

The wisscas experimental setup includes two WindScanners which are operating in 45 degree
PPI (sector scan) mode. Because the WindScanners have been calibrated such that the centre of
their scanning arcs intersect at a single point in space (directly above the met-mast), it is in
theory possible to extract dual Doppler estimations from the dataset.

However, the experiment was not designed with this analysis in mind and thus the
WindScanners were not programmed to sync their scanning trajectories in both space and
time.

For this dataset, requiring both lines of sight to be measured at the same point (above the met-
mast) at the same exact time by both WindScanners yielded zero values. An accepted gap in
time between when both beams cross the measurement point was then added into the SQL
query. A brief study was done in order to determine the effect of different time gaps on: the
number of samples, the fit of a linear regression vs. 10 minute averaged met-mast data, and the
shape and amount of scatter around the regression line. The SQL query within the Dual Doppler
Automated Analysis Software (DD AAS) was adjusted to accept time gaps of: 0.5, 2, 5and 8
seconds between both WindScanners measuring at the given position. The result graphs from
this study are presented below. Although all cases resulted in very good agreement, due to the
high number of samples, reduction of scatter and closer fit to the regression line, a time gap of
5 seconds is determined to be optimal.

F.2 Result Graphs
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Figure 51: Simulated dual Doppler PPI results : wind speed and direction vs. cup anemometer for various time

gaps
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