We again want to thank Anonymo&derees # and #2 for their feedback.

Printed in blue, the author has added some final comments to the already publishechsespo

Authorp response to Anonymous Referee #1

1. The title is not concrete and very broad and does not cover what isutised in the paper
precisely.

The authors agree with Anonymous Referee #1. The title might have led to wrong exqrectatd
Aloo 3z & (}E MethadFfor ajrbofne measurement of the spatial wind speed
distribution }A }u% o0 &£ § EE ]v_

The title has been updated accordingly.

2. Research questions: the paper lacks a clear and well-posed researchigagesr questions and
sub questions. As such also the conclusion is rather generatimédated.

Within the paper, research questions have been presented in form of two specific challenggs (li
54-62) towards an airborne measurement system to investigate the distribution of mean wind
speeds above complex terrain. The conclusion concerning the second presented challenge
(separation of temporal and spatial effects) will be further refined for the final paper.

Introduction and conclusion have been rewritten to further point out, which laugel gaps are
addressed within the paper. This is also taken into account with@asurement strategy and
evaluation methodologysection, lines 236-250.

3. Methodology: The title suggests this paper is about wind speediddons/variability.
So | do not understand why the paper does not show spectra or wavatslysis

Due to the former, misleading title, the authors understand the expectations of Anonymous
Referee #1. Within this paper, we are focusing on the distribution of mean wind spésgscific
positions above complex terrairZz  A] $ MWere[therefore meant in the spatial and not in the
temporal manner. With our application in mind (site evaluation for wind farms)takitig into
accountthe current status of the method, spectral and wavelet analyses are considered to be
outside the scope of this paper.

Spectra and wavelet analyses are still considered to be outside the scope of this paper.

4. Discussion: the paper also lacks a discussion section that reflentthe strengths

andweaknesses of the study, and overall also put the work in context with atseudies.

Only then the paper can show how it extends the existing knowledge.

Strengths and weaknesses of the airborne measurement system have not been discussed within a
specific section, but qualitatively throughout the complete paper, for example in gbtaeCFD
simulations as well as statd-the-art measurement equipment. The authors agree, that the paper
will benefit from a more detailed assessment of the method at the results chapter, pointing ou
strengths and weaknesses in a context of other studies. However, the current status of the project
does not yet allow a quantitative in-depth validation of the method, which will be pdttafe
publications.

Strength and weaknesses of the method are further described within the introduction and are
discussed within the results chapter in a greater extent.



Also the paper misses a discussion about the representativeness of the spineric conditions

that were studied.

The wind speed distribution within this paper is a result of a single, short term (approx. 2hrs)
measurement campaign and serves as a proof of concept for the presented method. It is assumed to
be representative for the prevailing atmospheric conditions during the campaign, but nahyo

different weather situations. Therefore, representativeness of the atmospheric conditions was not
discussed in deth

The results of the method presented within the paper only serve as a proof of concept. Therefore,
representativeness was not discussed.

5. Figures: the paper contains far too many figures. 24 figures is arbimmber, and
many of these figures are not essential. Figures 5 and 10 can be remdadsb

find that the left panels of figs 6-9 and 11-18 of very limited valuencs they are also
not much discussed. Figure captions are also not mature and panels have not been
labelled a) and b).

Figure 5 was considered to be necessary to enable the reader to evaluate the teiioc@ndrigure

10 will be removed. The authors agree that figures 6-9, 11-14 and 15-18 could be further rémluced
an exemplary plot for each of the following comparisons:

- UAV wind speed measurement to low level anemometer measurement

- UAV wind speed measurement to met mast measurement,

- UAV wind direction measurement to met mast measurement

The left panels (time plots) are considered to be helpful for plausibility, also allowp@nbout

special events like pilot interaction within the measurement data.

Panels will be labelled a) and b) within the final paper.

The number of figures has been reduced accordingly throughout the paper.



Authorp response to Anonymous Referee #2

General comments:

MWhile results of the field studies are reasonably well presented, furtherk is required to
interpret the results in the context of the state of the art, including comparisonsdther research
efforts. More emphasis should be placed on describing how this worktdbntes to overcoming
existing knowledge gaps. Recommendation is for reconsideraticerasignificant revision -
Spelling and grammar should be reviewed - some suggestions are geovibelow but manuscript
would benefit from thorough proof-reading.”

A comparison to other research efforts, especially CFD and LIDAR with their advantages and
disadvantages, has been performed in a qualitative manner throughout the paper. A quantitative
in-depth analysis is not yet possible due to the status of our projectit lisiplanned for future
publications.

For the final paper, a more detailed insight on research of measuring wind speed distrébakiove

complex terrain will be given. Additionally, we will explain, that the curpenject is still ongoing

and the paper contains results the proofof-concept phase. We will discuss in more detail, which

(LESZ E 8 %o E v ¢ EC 3} E ]* 3Z htsgprdgented%o}3 v3] o 3} }A E
disadvantages of LIDAR and CFD based wind analysis.

The focus of the paper has been shifted towards the measurement metbettér address existing
knowledge gaps. A more extensive comparison to existing technologies and research efforts has been
added to the introduction (from line 36 to the end of the chapter).

Specific comments

Az}p Jv 1 S lingiatiéns of the current measurement strategy are too significant to be
considered valid (Line 258). It would be useful to describe wbiateria are being used to evaluate
the validity of the measurement strategy, and to provide additional dewibn what advancements
are believed to be necessary to overcome this issie

The limitations of the current measurement strategy are too significant to be considerednvalid
general During an ongoing simulation campaign, several measurement strategies, in paitieular
presented approach, have been evaluated concerning their performance. This is deineialytest
flights within a simulated wind field and shall be part of a future publication. One ligsthiait the

used prototype strategy (single flying measurement system plus single stationary sensorisiepen
a reference, which is representative for the area-wide wind situation. We assume this to be the case
in the described situation because of the good correlation between normalised wind speeds of the
mobile and the stationary system (Fig. 22). In other experimental cases, with differently positioned
stationary references andt other wind conditions, we have seen higlvariations. The particular
strategy therefore is not capable to deliver a plausible wind field without a careful choibe of t
location of the stationary reference.

For the final paper, this context will be described. Because simulations are still ongoneg, m
detailed results are not available yet.

A subchapter concerning the used methodology has been added. Additionally, the measurement
described above has been added to the results chapter for a more comprehensible and transparent
evaluation of the measurement strategy.

Further to the above comment, you mention in Line 32 the notion of bahlasite assessments
for regions of complex terrain - can you comment on the extent to whidAV-based



measurements need to be further developed to meet this benchmark? Is this arddsiesearch
outcome? Where do IEC standards fit in with respect to UAV measurements?

At the moment, a single airborna sp@E u v8 Vv }voC 0]A E Nevvieatid}S  }( %o
situation in terms of wind speed and direction. The results are planned to be usetkfor si

assessment in the same way as a single CFD calculation (but without the correspoodiignm

uncertainties). However, necessary long-term statistics for a complete UAV-basads&sment

can only be realised by a fully autonomous operation, which is not only a technical issabsdoa

legal issue in Europe and therefore a mid-term objective.

A short comment has been added to the paper (IB28sff).

Line 201: If possible, it would be useful to indicate the elevationrgiiom the base of the hill to
the peak, as this would give additional context in relation to the mmurement plane height of
100m above ground level. It would also be valuable to supfiie geographic co-ordinates of the
test sites, and the source for the 3D terrain model if applicable

The elevation gain is roughly 200 m, the 3D model is based on open data from thg abun
North-Rhine Westphalia. Within the final paper, geographic coordinates and more of the surrgundi
landscape will be added for additional context.

More detailed informatiornasbeen added, see Figure 9, Table 6 and line 212.

rd]8o }( 8Z u vue E]%3 }uo mord etlecEphof cobifent, e.g. "Detecting wind
speed deviations in complex terrain through airborne measurement” andar.

dZ pEZ}Es PE X &}E $Z (JVv O % % EU ]& *Z oo Z VP &} "D §Z
§8Z *% 3] o AJv *%o ]*3E] pud]lv }A Ju%o £ § EE Jv_X

The title has been updated accordingly.

it would be useful to compare the UAV measurements against CFD and LIDARstfdhe same
site; this could possibly euPP «§ e v E }((HESZ E A}EI_

Depending on the LIDAR system, such study usually does not allow to gain insitie gpatid

distribution of wind speeds. This specific problem shall be addressed by the UAV based measurement
approach. A CFD study nevertheless would be a suitable method for a more in-depth validatio

the airborne measurement method, but is not yet in scope due to the status of the project. This shal
be addressed in future publications.

This has been mentioned in line 323.

Figures and tables

Figure titles will be combined, and the location of the ultrasonic anemometer will be added to
Fig.19.

The position was added in Figure 9.

Typos and spelling/grammar

We want to thank Anonymous Referee #2 for his/her suggestions and take them into atmoiat
final paper.

The suggestions have been taken into account.
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Method for airborne measurement of the spatial wind speed
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Abstract. Wind farm sites within complex terrain are subject to local wind phenomiieh) have aelevanthugdmpact on

D ZLQG WXUELQHTY DQQXDO HQHUJ\ SUaExdnsivk Bit@ evalRatiorHGteFefore. iQandhiomy. P H C

Stationary long-term measurements are supplemented by CFD simulations, whicoemaanly used tool to analyse and
understand the three-dimensional witwvflews above complex terrain. Though being unidéensiveheavyesearch, such
simulations still showa highhuge sensitivity for various input parameters like terrain, atmosphere and numeticpl s
InWithin this paper, a different approach aimsnteasuranstead of simulate wind speed deviations above complex tbgrain
using a flexible, airborne measurement systé&in unmanned aerial vehicless equipped with a standard ultrasonic
anemometer. The uncertainty of the system is evaluated against stationary anerdamatetifferent heights and shows
very good agreement, especially in mean wind speed (#ts12and mean direction (<£2°) estimationA test measurement
wasconducted above a forested and hilly site to analyse the spatial and temporal tyaofathi# wind situation. A position

dependent difference in wind speiedrease up to 30 % compared to a stationary anemometer is detected.

1 Introduction

Complex and mountainous terrain gains importance for wind farm dewetdpdue to land use conflicts and a high wind
potential by speed-up effects at escarpments and steep ridges. Neverthelesggsaphiorfeatures as well as obstacles,
roughness differences and jet/tunnel effects result in a complex wind@ielthese sites;—nereathe risk of annual energy
production (AEP) overestimatidr increased-as-it-waspeinrted-eut(hange et al., 2017). Within a wind farm in complex
terrain, that was analysed by (Ayala et al., 2017), the AEP of single wind turlained up to 25 %, although wake effects
seemie-beneglectable when taking into account the park layout and prevailing wind digection

An increasing demand of renewable energy and high investment riskeinfcagalse AEP prognosis make wind flows in
complex terrain an intensively investigated research topic, concerning both measaredrsémulation. Computational Fluid
Dynamics (CFD) simulations are a common tool to investigate the spatially distribmgdpeeds above complex terrain
and is widely used in site assessmemni researchAlthough huge advances in computational power allow even more detailed

flow simulations in recent years, CFD simulations still show great sensitivitgsfumptions and simplifications such a

1
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terrain details and surface roughness (Jancewicz and Szymanowski, 2017; Lalng@0&¥), atmospheric stability (Koblitz
et al.,, 2014), turbulence models (Tabas et al., 2019)ddition teadde—of various numerical parameters. Remaining

uncertainties and long computation times makensivaneasurements for sites in complex terrain mandatory for a bankable

site assessmentThis-is-also-taken-into-account-byvarious—guidelifinternational Electrotechnical Commision, 2009;

Measnet, 2016; Fordergesellschaft Windenergie und andere Dezentrale Energien, 2017)

Nevertheless, guideline-compliant measurement equipment such as met masistametection and ranging (LIDAR
systemstiDARsare operated stationary with a focus on a maximum statistical coverage. Such skestentsapplicable to
investigate the spatial deviation of wind speeds within a certain Gi@A-stateof -the -art measurement-approach-is the
eembmauen—ef—sevepal—seanmng—HDARsmeasurehree -dimensionata-3wind fields above complexﬂeidéueh—sys@m

an Dooren et al.,

2017} to-full-scale-experiments3DXVFKHU HW DO tly
and-have-areasonable-installation-effort,-especially-in-steep-and-famrstdniare multiple doppler LIDAR configurations.

Depending on the number of LIDARs, wind speeds in one, two or threetions can be measured remotely, eaka

distancewhen-inef kilometres.sightmatterFhissuccessfully has been performed in various field studies in complex terrain

For example in Kassel, Germany , triple doppler LIDAR measurements shosgdg@ement concerning wind speeds in

comparison to a sonic anemometer. At Perdigdo, scanning LIDARs successfaured wind speed distributions between

a double ridge Nevertheless, these measure
reguires-carefulpositioningf the-single LIDARsystemslo have smelimitations: as Stawiarski points out, the measurement
error of a LIDAR depends, amongst other things, on the angle of theeictieg beams. This can lead-te-te-aveidinereasing
measuremernors3>« @ RQ WKH RUG H U ARditionally, Rwlti LIBAR systems do have a significant acquisition

cost and take a considerable effort to get erected and operated in steepAedidionally, turbulence intensities measured

by multi LIDAR systems still are a topic of ongoing resef®tawiarski et al., 2013).
A Within-this—paper—alifferent approacho measure meteorological variables at specific positienstowantzaaured3D
wind-field is the usage of an-presented;-based-on-a-measurement strategy-with-a-muitimatoned aerialehiclesvehicle

(UAV }—eguipped—with—an—ultrasenic—anemometer—()ISAutonomous UAVS, especially fixed-wing systems with
pitot-typedbasedavind sensors, have been used for atmospheric reseaseice-the-las?20 years (Holland et al., 2001; Spiess

et al., 2007; Reuder et al., 200B) recent years, a-oppesitefized-wings system with a 5-hole-probe has been developed to

analyse wind speed, inclination angle and turbulence intensity at an escarpment wigwalifan alpsin , a measurement

of a fixed wing system was compared to CFD simulations at the WINSENT test shiesyBtemshowed plausible results,

although the—-wing-UAVs—which-have-a-minimumacessaryninimum flight speedof fixed wing systems in general only
allows short time measurements for a specific position. Additionally, measureatees also were averaged for a certain

flight distance, resulting in an increased probe volume size of several metersighlthmth studies aimed to investigate the

spatial distribution of wind speeds, temporal changes of the overall wind sitdating a single measurement campaignehav

not been taken into account.
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Contrary to fixed wing systemeotary--wing aircrafts can hold their position mid-air for several minutéss has three major

benefits: first of all, it allows an easier system validation by just perforhwrgring flights close to a stationary sensor. This
was for example done by ands—efmeasuren8th-systemalreadyshowingshewegromising resultsA further overview

is givenby , comparing the root mean square error (RMSE) of wind speed anddatireetasurements of several UAV sensor
combinations in literatureSo far, turbulence intensity measurements have not been compared—fowsidgleeasurements
- %HUJPDQQ HW DO 3DORPDNL HW)B@ have-royed DhelLsOddnd YdniéfitHiat B O

stationary, airborne measurement also allows a reduction of stochastic measurensehy ealculatig averaged values for

wind speed andirection. Furthermore, rotary-widdgAVs offer greater flexibility concerning their measurement strategy. An

exact number, position and duration of measurement points can be.chssémoperation at low flight levels is also possible.

commercial-full-scale 3D USA-mounted @anmulti-rotor UAV _with a 3D ultrasonic anemometer. In combination with a

suitableFhe measuremerttrategy, we are aiming towards a cost-efficientsystem-is-highly-poeafifecurately measured
spatial distributioneffers-great-flexibility—allowingSA-measurements—over-anykiofl wind speed, direction, turbulence

intensity and inclination angles. This, finally, would overcome several main limitatio@$D (remaining uncertainties),

scanning LIDARs (costs) and fixed wing systems (probe volume -size}-tdi@aivever, twomain challenges have to be

overcome within the project before establishingmetto-estadilibbrnemeasurement systemsmeasuremastan alternative

to common CFD simulationsr LIDAR measurementfor investigating complex flow fields:
1. The surroundig air (and its fluctuation) igshe-measured variabléhut-at-the-same-timavorking medium and
disturbance for the flying carrier systeam the same timéMovements and rotations of the UAV as well as rotor

induced flows have a significant impact on the measured wind speedipdiaed turbulence intensity.ccuracy of

a single measurement point has to be evaluated. In section 2 of this papes, goingrto present the achieved

measurement accuracy of the WindLocator UAV, not only for winddspeel direction, but also for turbulence

intensity.-v
2. CFD Simulations offer the possibility to investigate the 3D wind field at eakhlationpoint for every single time

step.UAV sThe UAVinsteadneasuremeasurene point after another anwbntrary to scanning LIDARS, take-takes
considerable time in doing sbhe question arises what kind of measurement strategythe-chdfauifeble when

it comes to merging individlianeasurement points inbmesingle distribution of meteorological variables. In Section

3to-separattheinfluence of diurnalmeasuratind speedrariation is investigated during two test campaigns above

deviations—into—spatial-deviations—{due-tomplex terrain utilizing a simple measurement strategy. Results
oftopegraphy)en the WindLocator are comparedene—hand—and—tempe%al—dewaﬂens t(dlaae ground-level

anemometer to decide to what extent such system is suitable

hand-In-Section-3-of this paper—a-first approach-including—a-statiorefgrence In the future, those findings
combined with a simulation campaign will be used to find a robust measurenaéed \sis-evaluated-and-discussed

3



2 Measurement System3: LQG/RFDWRU’
100 2.1 Design

The measurement system, which has been used for the measurement campaignssvaiperthhas two main, independent
components: a powerful carrier system and a sensgmriih consists of a commercially available ultrasonic anemometer
and a self-developed compensation and data acquisition unit.
The foldable, commercial carrier system is a battery powered octocopter withtdirftighof 25minminsand a maximum
105 take-off-weight of 12.5 kg. Including the sensor unit, the completiesyonly weighs 8.5 kg and therefore has a considerable
performance reserve. Flights at turbulent air as well as during gust spesisi®f have successfully been tested. A real-
time-kinematics (RTK) GPS is included to perform high accuracy positional navigatibspeed estimation. The open source
flight controller has been adapted for an easy setup of specific meaststraggies, which then are autonomously being
followed. Although a completely unobserved operation is technically posEibtepean laws at this moment require an

110 operator to be within sight.

Figure 1. Measurement system WindLocator (unfolded) without battery packs

Table 1 Specifications of carrier system

Dimensions 1060mm (diameter motor-motor), 1250mm (height)

Weight (incl. sensor unit) 8,5 kg




Maximum take-off weight 12 kg

Rotors 8 x 385mm carbon fibre reinforced polymer rotors
Battery 2 x 10.000 mAh

Flight Controller Pixhawk Cube

Flight Times (incl. sensor unit) ~25 mins

Air speed 10 ms?

115 The Gill WindMaster 3D ultrasonic anemometer is placed on top of the compensaticenired above the rotor plane.
Mounting the sensor on top of the UAV has several advantages. First of all, the ab®tometry of the system allows wind
measurement independent from yaw angle and wind direction. Additionallgetiis results in a horizontally centred mass
during hovering and therefore leads to relatively small moments to be ceatperby the UAV. This impres flight
performance and flight time. Aside of that, the downwash above the roless tsirbulenthanthenbelow

120 The distance of the sendhmeasurement volume to the rotor plane is B0 and is considered as a trade-off between

manoeuvrability and reasonable interaction between wind sensor and projlelteririlows.

Table 2 Specifications of the ultrasonic anemometer

Type Gill WindMaster 1590PK-020
Wind Speed Range 0-50 ms'
Resolution 0.01 ms
Accuracy <0.18 mg
Direction Range 0-359°
Resolution 0.1°
Accuracy 2°@ 12 m3
Measurement Internal sample rate 20 Hz

125 Except for the power supply, the self-developed compensation and daisitamyunit is completely independent from the
UAV. If requirements concerning the carrier system change, the compensation unitcs eawtbe reapplied easily on a
new aircraft It weighs 420 gr and contains all necessary sensors as well as an additional RTé¢-@&PSccurate position
and speed estimation by means of sensor fuslased on analytical calculations and various synthetic experiments, a
compensation algorithm was developed, that efficiently reduces measuremerdwetonsiovements of the airborne system

130 as well asts-\vdiors. Additional telemetry transmits measurement data such as wind apdetisections live to a ground

station for in situ analysis. The anemometer data is additionally saved to aalisterageaiwith a rate of 1Hz.
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2.2 Validation of the system

All following calculations and measurements have been evaluated based;dhaddtas been processed by the compensation

unit. The system validation in general was conducted on several levels of detail, beginnitigevBthide to the Expression

of Uncertainty in Measurement (GUM) to evaluate the standard uncertainty of gusimlefmeasuremenrtatum The GUM

allows the calculation of the standard uncertainty without the necessity of a true ref@lerecé&rror estimation is done by
creating a mathematical model of the WindLocator, including relevant influences andhteiainties and combining them
intothe VAVWHP TV VW D Q GvbithGs+X Q.FArnE!\id Dur Cage )\

After several synthetic tests with a fixated UAV to evaluate rotor influences (Figur®\2KH :LQG/RFDWRUfV FRPS
was tested during an indoor flightdegt zero-wind conditions (Figure 3).

Figure 2 fixed UAV Figure 3 Indoor flight at zero-wind conditions

Utilizing
which-utilizesthe internal barometés-maintainan altitude of around #n was maintaineduring our test andutomaticatly

stabilizespitch and roll axis for minimum horizontal movemenmtsre automatically stabilizedNevertheless, small sensor

inaccuracies made pilot interventions necessary to remain at sufficient distavadks. After compensation, the wind daga i

given out in a global north-east-down coordinate system ahdristeredndependent from the specific orientation of the UAV.
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Figure 4 North-East-Down wind speed components of indoor flight at zerwind conditions

Figure 4 shows the data in all three measured directions at a resolutiondnf P@aks, e.g. in vN-direction at second 17
(- 1.5ms?) and 55 (- 1.3ns?) are a result of the UA$ horizontal translation due to operator intervention.
Table 3: MeasuredResults-ef-measurewind speed components during indoor flight

Wind speed north (vN) Wind speed east (VE) Wind speed down (vD)
Mean value ms?] 0.01 -0.02 0.00
Standard deviation [ms?]  0.23 0.21 0.16

As expected, mean wind speeds during the indoor flighteseclose to zero. Standard deviations up to @23 meet our
expectations according to GUM, but clearly show the influence of manualtopeontrol and of the sensor being rather close
to the turbulent downwash induced by the rotors.

After provingshewingthat under zero-wind conditions, mean values are in good agreemenbwiitbxpectations, a
measurement setup was created to compare the performance of the Windaitat stationary anemometdn flat;
agricdituralterrain 2 km west of Aachei¢rth Rhine-WegihaliaNerthrhine-WestfaliaGermany), a stationary anemometer
of the same typasthe 8 $ 9 faviemometewasmounted at a height of 3 m above ground lé&lL).. Data acquisition and

storage for the stationary anemometer were realised ldz by a self-developed data acquisition system, which uses time
stamps synced with amlineinternetime server. The UAV time stamps are derived from GPS time signals. The UAV was
set to hold position at a height of 3 m. A distance of 4 m to the siafianemometesrthogonalrectanguldo the main wind
direction was chosen to avoid interactions of the two measurement systems (Figure 5)
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Figure 5 WindLocator hovering close to stationary anemometer

Four ten-minute measurements with ~6000 data points each have been echnititi short break to switch batteries after
the second measurement poibtliketr—opposite—tothe indoor tests, all three wind components are combined into a
resultingsinglewind speed Yor everypoint of measurementatumto improve comparability to the stationary anemometer
However, the vertical componens v general has a minor impact on the resulting wind speeds.

RLEREBEHR

The followingdiagrams-Figure 69diagram () shows exemplary)-shahe compensated wind speeds of the WindLocator in

comparison to the stationary reference as well as the corresponding regriegsion p
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Figure 6:

Figure-7Resulting—resulting ground level wind speed and regression plot of measurement 2
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For all measurement points (see Table 4), a very good agreementerfi-ténute-mean wind speed between WindLocator

and reference has been achieved, especially when taking into account the twindesituation during such a low-altitude

flight. Turbulence intensities (T1) up to 44 % have been calculated fotatiensiry reference. Although there are absolute
185 differences of +1 % (measurement 1) to +6 % (measurendeM the WindLocator alreadyrovidesgivea good estimation

of the prevailing turbulence intensity.

Table 4 Comparison of measurement points on ground level

Measurement 1 Measurement 2 Measurement 3 Measurement 4
Mean speed difference [n1§] -0.07 -0.12 -0.06 0.02
Tl Reference [%] 24,5% 32,2% 32,2% 44,3%
TI UAV [%] 251% 37,7% 32,8% 50,2%
R? 0.53 0.69 0.63 0.78
Standard deviation [ms?] 0.58 0.55 0.58 0.64

An analysis of wind directions during this experiment was not yet possible seegawaccurate orientation of the stationary
190 measurement system could not be guaranteed. This is taken into account fgt éxpeement at a 134 m met mast under

more realistic condition&l0)-

10
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The measurement system was tested-sunny-daglose to a met mast on a small platéaaur measurements of 8-10 minutes
have been conducted and are compared to the velocity data of a cup anemoh3dten and the directional data of a wind
vane at 130 m above ground level. The WindLocatorhveés onflewn-toa height of 134 m based on barometer and GPS data
and was then moved closer towards the met mast using the onboard cateena Bgcause the flight was performed without
autopilot, distances to the met mast and exact height vary throughout theemeade (see Tablg.5Additionally, thattable
contains wind speed data analogue to Table 4 as well as information concerning itheyaafcwind direction estimations.

For all following calculations, the WindLocator data was averaged to 1 Hz for betiparability to the met mast.

Table 5: Comparison of measurements on 134m

parameter Measurement 1 Measurement 2 Measurement 3 Measurement 4
Distance to met mast [m] 26 24 17 16
measurement height fgi 134 133 135 135
Meanspeed differencanjs?] -0.21 0.01 0.20 -0.06

Tl Reference [%)] 151 18.5 11.8 151

TI UAV [%] 134 17.2 12.3 15.2

R? 0.28 0.49 0.44 0.80

Standard deviatiomjs?] 0.88 0.88 0.63 0.47

mean angular difference [°] 1.2 -0.7 2.0 2.4

11
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R2 0.56 0.49 0.82 0.71
Standard deviation [°] 8.5 10.8 5.1 4.6

The results during the met mast experiment show a slightly different pictupaoeito the ground level measurementse

dgtirthidence intensityis_still reasonably well

estimated-estimation-of the- UAAdditionally, measurements{22)}-and 4(14)-show a good correlation of the WindLocator
withand the correspondingeerrespondingference speedHowever, mean wind speed deviations for the first and third
measurement are not only higher than before, but also vary a tet compared to the other measurements of that day.
SignificantSerieugleviations mainly occur during the first half of the measurements (Figuis) )-in-a-temperarys-manner,
e.g. seconds 180 to 270 for measurement 3.
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Figure-13: Resulting—resutting wind speed at 134m and regression plot of measurement 3

Figure-14:

Those deviations are a result of the pilot still doing positional adjustments durimgaserement point. Nevertheless, those

220 adjustments seem notto have a®&WLFDO LPSDFW RQ WKH 8%99MV ZLQG GLUHFWLRQ HVWLI
through all measurement points with a maximum mean deviation between metanaShdhocator of 2.4 °As an example,
absoluteAbselutavind directiondirectionsanditsthelr regressiomlot for measurement 3-isplots-asigown in Figurd5-18.
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225 Figure 15-wind-direction-at-134m-and-regression-plot of measurement 1

Fgure-16-—wind-direction-at-134m-and-regression-plotof-measurement 2

Figure-17: Wind:=wind- direction at 134m and regression plot of measurement 3
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p\WindLocator
performed very well throughout the tests, especially concerning the calculatiografed measurement quantities like
speed and direction. When the system uses its GPS based hover modeinitHeutncedisturbance by a pilot, mean
235 wind speed differences compared to a reference were belown§and wind direction differences smaller than 2 Zhe
maximum absolute difference in turbulence intensity was 5.9 % for a himléoce intensity measurement. Although more
measuremenSRLQWY DUH QHFHVVDU\ WR ILQDOO\ HYDO XD WigaNgdtlitb scamiidH PV SH

LIDAR errors seem promising. It also has to be taken into accountthatBdhel@thorne measurement system and a

reference cannot measure at the exact same place at the exact samertimiaing,+remainingncertainties alwaysiso
240 might be a result of spatial deviations in the wind situation, which will be discussederdstail in the following section.

3 campaigiTest sitedescriptionand-measurement-setdp

Thetest siteai
Fhe-aredfor this measuremerttrategyeampaigiis a small hill in the south dflorth-RhineNerthrhineWestphaliain the
Germangermakifel and was chosen for the following reasons
245 X With a yearly mean wind speed of 6.7 at 100 m above ground level, the area has rather high wind speeds
compared to the rest of the county. Main wind direction is southwest.
X The terrain is considered to be comp{Eigure19.)- The slope around the hill at most parts is greater than 40 degrees.
Forests extend to the south and west of the hill. A small village is located tartheaspsee-.
X The region in generak easily accessible antias consideredo—be-suitable for wind turbinesnd-has—a—geod

250 accessibility
All diagram coordinates within this chapter are referenced to the UTM coordinate 3260368472.
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Figure 19: Testterrain-modelofthe-testarea( ) and stationary measurementiocation (X) (Source: Geobasis NRWpeints-{red

260 TFable6-Summaryofthe measuredplane

Number of points 16 (4 x4)
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270

275

280

Distance between points ~120m

Measurement time per point 5 mins
Measurement rate 10 Hz
Measurement points per battery charge 4

Within this paper, two different measurement campaigns are presented. Whiksthevind speeds are within a similar range,

wind directions differ resulting in different inflow conditions into the measuaiea.

3.2 Measurement strategy and evaluation methodology

The presented campaign aims to investigate the feasibility of using a simple eneasistrateqy for the identification of the

spatial distributions of meteorological variables (wind speed, turbulence inténsliyation) above complex terrain. This

information will be used in the further course of the project for the developaf the final measurement strategy
The measuremestrategy can be described as follows:
x_ workflowbeginswiththeD- FW- LY D WL R Q R W K H - L THEWIRJE r{toRsisfevh-tBesuto R BitallyRlids
to one measuringthe-first,predefined-measurenpeint after another and measures at eachholgesition fora
specified duration.

This duration is chosen fige minutesnbefore-heading-faheframework ofrextpeintFor this feasibility studywhich isfive
minutes-wereonsidered to be a reasonable trade-off between limited battery time and statisticdedor each poindfter

X __To reduce experimental complexity, measurement points are located withindintewsional plane. The surveyed

plane is roughly 400 m x 400 m and placed on the middle of the tesflrelanned measurement points are at the

same height above sea level and around 100 m above the lift-offgs®nt,

X At each measurement point, relevant variables like averaged wind speed and dingédiidance intensity and

inclination angle are measured and saved together with the position and a timestaethftbm the GPS.

Additionally, a ground-level (3 m) anemometer measures wind speed and ditleaicghout the whole campaign. This-Aside
ofthe-WindLocator-an-additional-stationafjrasonic anemometés placedwas-in-use-during-the-campaign—t-wasplaced at
a-heightof 3-ron free grasslansurrounded by sparse hedges and captures three-dimensionalwindcaeaeg-underthe
measurement plane-and-alsc-acquilas at 10Hz.
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Figure : terrain and measurement points (data source: Geobasis NRW

The feasibility study within this paper addresses two basic questions on the pasipmpoéthe gathered measurement data.

In the first step it will be discussed whether the temporal change of the paad during the measurement campaign has to

be taken into account for the further investigation of the spatial distributidimeafeteorological variables. A necessary

condition for a constant spatial distribution is a constant wind direction, which wiérifeed in the beginning. Variations of

averaged wind speeds at the stationary reference are used to estimate the iepambrad variations within the airborne

measurements comparison to expected spatial variations. The result of this analysis vakdstor turbulence intensitygs

it depends on the wind speed. Additionally, the spatial distribution of turbuieresities is checked for plausibility. The

influence of temporal changes on inclination angles is checked in a qualitative manaerdaying them to the terrain.

Assuming thathe temporal change of the wind speed has a significant effect on the measiriena second step it will be

investigated whether the ground-level (3 m) anemometer can be uaedfaence to compensate temporal changes of the

respective variables. Therefore, the ground-level anemometer needs to repeeseatatlh wind situation. This is evaluated

using the correlation between ground and airborne measurement data, gsaulimirar dependency between those

measurementsf correlation is confirmed, wind speed measurements of the Windbroshall be used to calculate a local

speed-up factor in comparison to ground-level wind speed. Thidbdigin then is checked for plausibility.

3-23.3 Resultsand discussion

Figure 20 gives an overview of the measured resulting wind speefdism the moving WindLocator and the stationary

reference on groundcexemplarily shown for M1.After the data acquisition was started, thAV headstofer the first

measurement point, where it is holding position for five minutesmGbovethe start levelgroundbefore moving on

toheading-forthe next waypoinat the same heighA measured wind speed deviation between WindLocator and reference is

expected because of the differences in height and horizontal positiotho$ystems. During the battery swap after four

measurement positionspvioushrno WindLocator data is availabl&he stationary reference instead measures non-stop.

18



Measuring 16 points of five minutegeldingmaking-it80 minutes of usable measurement data, has taken around two hours

in total.
WindLocator
Reference
. _ Measurement
2
ww w' | | m
\l 2 M}
0%:30 10 00 10 30 11:00 11:30 12:00
310 Time Mar 26, 2019
Figure 20: Comparison of resulting wind speeds from WindLocator (compensated) and Refaree at 10Hzfor M1

represents all measurement points for both campaigns, showing the resudtsiofjle points measured one after another
During both measurements, wind directions are in good agreement with thewmehwmlirection. With mean absolute

deviations of 9.9 ° (M1) and 11 ° (M2), no significant changes in wirettion during the measurement time of 2 hrs each
315 are found. This validates our assumption, that the distributed wind field will mofilbenced by a change in wind direction

Figure 21 measurement points, wind vector and inclination angle of M1 (left) and M2 {ght)

shows the averaged wind speeds for one after another measuremermirWintlLocator and ground statio@ver all UAV
measurement points, an absolute variation of mean wind speeds betvebtn2s® has been detecte@?). As it was-already

implied earlier, these variations are considered to be too high-ferin-the-introddisitoabviously-isnet-enly-aresult spatial

deviations due to complex terraimly, especially when taking into account the measurement height oflat60m. These

320 fluctuations;-butlsoarea consequence of wind variation over time.
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Figure Mean wind speeds of WindLocator and ground station for M1 (left) ad M2 (right)

Otherwise, the stationary reference (assuming it to be an indicator for the overaditwatihn) would not have shown any

significant differences in wind speed over time.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
measurement point

ce

This is clearly not the case, especially when looking at the normalised cefeverd speed, calculated by dividing the mean
wind speed value of each point by the maximum mean value@fiats of thameasurementoints(). Normalised variations

of the stationary reference and the WindLocator data are in a comparablef ondgnitude (-706 compared to the maximum

wind speed). Because those are comparable and even higher than expectechsptiasFigure24 up to 30%, temporal

variations clearly have to be compensated for a successful measurement.

. A & AT#7 . 3 :f\;\/{\
/,/// NINNEVSZAW/Z s BEVIVINN
507 }5 y f\ﬁ \) 507 ’w ( \\ /\
EE 06 /9( ) M EE 06 (¢ !3; 7 i R 3 d
0.5 /{/ 0.5 \ / / \ —e— WindLocator
}6 !( =Y Reference
0.4 =——E— WindLocator 0.4
03 =P Reference s

measurement point measurement point

Figure : normalised wind speeds for M1 (left) and M2 (right)
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350

shows turbulence intensities measured at each single point. The mean turinigeisity over all measurement points of M2

is 18% and therefore slightly higher than during M1 with 15%. This sp&usible due to the forested and steep escarpment

in_ upwind direction for M2. However, single turbulence intensities within the unegdield seem to vary rather strdyg

(between 10% and 30%) and without obvious influences by terrain aadesulfs the normal turbulence model of IEC61400

predicts, turbulence intensity depends significantly on mean wind speedowesyerage speeds of only 238! (see left,

Measurement points one and two) might be an explanation for unexbémteirbulence intensity in the north east of M1,

for example. Consequently, temporal changes in wind speed have to biatalk&count when measuring turbulence intensity

distributions.

Figure 23 Turbulence intensities of M1 (left) and M2(right)

Although wind speeds vary significantly over time, inclination angles do skausiple results (). The flow, and therefore the

inclination angles, follow the terrain pretty well for M1, varying mostly between +5 gdt¥tside of the hill, switching their

sign at the ridge and having -5 ° at the lee side, with a peak of -9 ° autheckise to the escarpment. For M2 on the other

side, nearly all angles are above 0, especially in the north with several measlimation angles higher than 8 °, even up to

12.7 °. Positive inclination angles are considered to be a plausible result from assdghe steep escarpment in the south

west. Temporal variations of wind speed seem to have a minor impact on ionlisadile measurements.

All'in all, temporal wind speed variations do have a significant impact while niegsimwind speed distribution and therefore

have to be compensatedl simple approach would be calatihg a wind speed-up value compared to a representative

stationary reference. Although the stationary reference in this experiment & orthjgh, &Fhe strong correlation (R=0.86)

between relative mean speeds of WindLocator and referencedita is observable, in opposite to M2 (R=0.32). We assume

this to bés an indicator, that the ground level stationary anemometéndérisparticular campaigivll is a suitable reference
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to also track temporal changes of the overall wind situation. The remainiegedifes between WindLocator and reference

tend to be local wind speed deviations, e.g. due to terginws the speed-up value over time.

25
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355 measurement point

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
measurement point

UA\ measurementpoin an-be compensated-bv-referencinathem-to

360 wind-speedincrease-compared-to-thereference-and-is-summaifzed in

25
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Figure-25: wind speed increase from reference to WindLocatofor M1

365 Table7-wind-speed-increase-compared-toreference

Mean 1.66
Maximum 2.15 (+30% compared to mean value)
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Minimum 1.19 (-28% compared to mean value)

Standard deviation 0.25 (15% of mean value)

370 Figure26 combines the measured results on the one hand ar@l&l%eGPS data on the other hatwh spatial distribution.
The purple arrow indicates the mean wind direction. Each red arrow reprasestsurement point, showing the measured
horizontal wind direction and indicating with its length the wind speed increase @mripahe stationary referendene~or

a-betterinsighttheind speed increase then is interpolated linearly between measurement poiedtd@ contour plot. The
background shows the digital terrain model data.
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Figure 26 measured mean wind speed distribution above complex terrain

The calculated speed-up factor of around two seems plausible, when asadogagthmic wind profile with a roughness

length of 0.2 m. A variation of the speed-up factor of ¥X328 % compared to the mean value is calculatdte highest

increase in wind speed compared to the stationary anemometer is located tbevaidigeat the upwind side, which meets
our expectations concerningia speed-up effect at a steep.hilevertheless, directly over the highest point, where inclination
A —DBownw the
hill-towards the southeastridgmunexpected decrease of wind spe@ds detected, followed by anadditieraaka of higher
wind speedsat negative inclination angles-is-tocatefowards the plateau in northeast directio, do see an expected

angles are close to ze OW OW d

decrease of wind speeds. The results clearly show, that temporal efissttbarconsidered when dealing with turbugenc

intensities or _averaged wind speeds in _general. The simple measurement strategy reptiesentative ground-level

anemometer can be regarded as a pob@bncept, leading to an improved estimation of spatial wind deviations for Md wh

comparing it to unreferenced data. The wind speed variations are rathdsutigbmparable to other campaigns in complex
terrain. A plausible explanation for a decrease in wind speed directly on top oftfelowest-wind-speed-incredsasnot

yet beenfound. For the future, a CFD validation shall give insight, whether these effect m@asult of measurement

errors-measured.

As seen for M2, the presented measurement strategy obviously dependy sinotig stationary reference, its positioning

and expected spatial variations and therefore cannot be considered to be valgrah denhange in wind direction from

310°(M1) to 240 ° (M2) leads to even lower, less correlated changes in grountviededpeeds with increased turbulence

intensity, presumably as a consequence of surrounding obstacles liles hAdmore robust measurement strategy would

probably make use of a more representative stationary reference im hebgité

These findings are currently being evaluated with a simulative approach tanfirel robust measurement strategies

independent from terrain, location, surface and prevailing wind situation. @isehas been obtained, UAV based

measurements can be used in a similar way to CFD simulations for bankable siimastes

4  Conclusion

Within this paper, a UAV-based measurement system called WindLocator, its validatioits experimental application
above complex terrain were presented. The measurement system comsists@frerfubctocopter, a commercial ultrasonic
anemometer centred above the rotor plane and a self-developed compensatiata aeddsition unit. The latter was the
enabler to efficiently reduce wind measurement errors due to movenfahts WAV and rotor influences. This has been
shown in o test scenarios at different wind and turbulence conditions.

At both tests, very good agreement with reference data could be achievedwidapeeds have been estimated with a

maximum difference of 0.1fhs?, wind directions with a maximum difference a#2 during position-controlled hovering
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Though rotor influences are a challenge, turbulence intensity estimatioragasably good. Nevertheless, the compensation
unit is under continuous development to improve accuracy at all relevant flight situations

The biggest advantage of an airborne measurement system is its flexdlibtying accurataneasurements at any arbitrary
point in a wind field above any kind of landscape. This could make thel\&catorte a potential alternative for CFD
simulations in complex terrajdelivering an analogue result for a specific weather situation without longutation times

i i eparated.

or modelling uncertainties:

During two measurements atdlly and forested region in theermangermetkifel, diurnal wind variations were found to
be relevant for measuring-is-investigated-concerning-ts Wioa speedlistributions and turbulence intensity. Plausible wind
direction _and inclination were measured even without taking into account temporal varkiéations—by—using—the
WindlLeocator. Although more advanced measurement strategies are currently under developmentghfis specific

campaigreasavery simple strategy was sufficietdt reduce the influence of diurnal wind speed variatiehsdue-to-a-good time
correlation-between—reference-and-JAvhile theWindLocator automatically was flying from point to point, a stationary
reference at ground level was used to compensatertif@ral wind speed variatigime-offsetbetween single measurement

points. The result was a plane of four times four measurement points, igcdlufdination of wind speed increase compared
to the reference and three-dimensional wind directiSpstial differences of approximately +/- 30% compared to a mean
value have been found at plausible locations, underlining the necessity ai/mgétesevaluation in complex terraidowever,

this approach significantly depends on how representative the stationagyncefes and therefore cannot be considered valid

in general.
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