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Abstract

An Unmanned Aerial System (drone) is equipped with an ultrasonic anemometer to obtain measurements
of various wind profiles within a large scale wind tunnel facility (WindEEE). The drone system was tra-
versed around 9 key measurement points within the wind tunnel in an attempt to obtain a spatial map of
two different flow cases, including a horizontal Atmospheric Boundary Layer flow and a continuous ver-
tical jet impinging on the floor of the wind tunnel. Considerations are put into the various problems that
arise when using a drone, some of which require further mitigation in order to increase the reliability of
the measurement system.

1. Introduction

Non-Synoptic Atmospheric Boundary Layer (ABL) flows, including downbursts and tornadoes, are a phenomenon that
can cause huge amounts of damage to buildings and critical infrastructure (power lines and solar panels, for example).
From 1980 to 2023, the European Union has suffered 214 Billion Euros worth of damages from storms, including high
wind events, lightning, and hail.! As we continue to experience the effects of our changing climate, the frequency of
these anomalous weather events will only increase, requiring further investigation into their underlying mechanics.

In addition to anomalous weather events, non-synoptic winds also appear in the wind energy sector, where both
onshore and offshore wind farms can be subjected to unique flow regimes. Currently, there is a lack of predictive
statistical models for these types of winds, requiring an exhaustive experimental database to fully characterize them.!?

Non-synoptic flows are mainly characterized by their highly 3D and highly transient nature, often operating over
short periods of time. The statistics of these flows will typically diverge from a Gaussian probability distribution,
especially near the ground.® In addition to their non-gaussian nature, the vertical profiles will also diverge from a
log-like profile that is typical of synoptic ABL flows, making modeling difficult.

Due to the relative infrequency and danger of these anomalous flows in nature, large-scale experimental facilities
are required to accurately simulate these events. The WindEEE Dome facility is specifically designed to simulate these
flows on a large scale, as its multi-fan design enables for a variety of different non-synoptic flows to be generated.’
This is achieved with a large, individually controlled, fan array that can generate wind components in the vertical and
horizontal direction. It provides ample opportunity to study and characterize these flows and gives a convenient test
bed to develop new measurement systems that are suited for atmospheric flows.

Unmanned Aerial Systems (UAS), commonly referred to as drones, have shown particular advantages for the
purpose of wind measurements. Anemometer-equipped drone systems have been frequently used for the purposes of
atmospheric research, including atmospheric boundary layer studies, wind turbine wake analysis,'® and particle con-
centration measurements.’ For wind sensing, these systems typically operate using a few different sensing techniques,
including 5-hole pressure sensors,'® ultrasonic anemometers,!® tethered Doppler LiDAR,!” and even by using the
motion of the drone itself.’
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Despite the frequent use of drones in outdoor environments, drones could also be applied for use in large-scale
facilities (like WindEEE). UAS systems have been tested in WindShape facilities,!! providing valuable information
about the reliability of drones under gusty atmospheric conditions. Considering the applicability of UAS systems
in laboratory environments, there is clear potential for the use of drone-based anemometer systems to supplement or
replace traditional traverse mechanisms for wind studies. One of the main advantages of a drone system is the ability for
it to move around anywhere within the volume of interest, which can enable automatic measurements, and a potentially
higher spatial resolution than traditional approaches.

This study presents one such system that was tested in the WindEEE facility under a variety of different con-
ditions, including synoptic ABL flows and continuous vertical jet flows. A preliminary measurement database was
generated and compared to a stationary ultrasonic anemometer fixed on the ground. The next section (2) presents
the measurement platform, the experimental setup within the WindEEE facility, and the methods used to correct the
anemometer measurements on the drone. Section 3 provides some preliminary measurement cases, and details where
the drone can be advantageous compared to other measurement systems. Lastly, the conclusions and outlook are
presented in Section 4 to provide an idea of where to go with the future of the drone-based anemometer system.

2. Methodology

The UAS platform flown in the WindEEE Dome facility is based on a Holybro X500v2 development kit, equipped with
a TriSonica Ultrasonic Anemometer (USA).2 A Raspberry Pi 5 (RPI5) companion computer was used to interface with
the Pixhawk 6X flight controller and acquire the wind data from the USA. A recording is triggered when the user pulls
a switch on the radio controller, passing the information from the flight controller to the companion computer (Figure

D).
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Figure 1: Overview of the ERIES drone system and its connections. 1. Ground Control Station, 2. RC Controller, 3.
Ground Beacons, 4. "Hedgehog" Beacon, 5. Flight Controller, 6. Raspberry Pi 5, 7. Ultrasonic Anemometer. Wireless
connections are indicated using a dashed line.

Key

The drone position was estimated using a Marvelmind Ultrasonic Position System,'? which operates using the
travel time of ultrasonic waves between multiple stationary beacons, and a "hedgehog" beacon attached to the drone.
This system has advantages in the ease of setup and lack of need for a calibration, but there can be issues when wind
is present. The travel time of the ultrasonic waves will change based on the wind conditions, which can lead to higher
uncertainties in the position estimation.

Additionally, the z-resolution of the system is highly dependent on the position of the stationary beacons, which
can cause problems when the drone is operating in "position hold" mode, where the flight controller attempts to keep
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the drone in the same position. Over the duration of this study, the drone was kept in "altitude hold" mode, requiring
constant user control to maintain the drone’s horizontal position. It should be noted that the Marvelmind was operating
as a passive measurement device, without providing position data to the flight controller.

For each measurement, the drone was maneuvered to a target position, after which a short (15-60 second) acqui-
sition of the ultrasonic anemometer was triggered. A Young 81000 Ultrasonic Anemometer'* was placed downstream
of the drone to provide a comparison of the wind measured by the drone. The position data from the Marvelmind sys-
tem and the attitude of the drone was used to provide corrections on the velocity measured by the anemometer (Section
2.2).

It is important to understand the prevalent wind direction when conducting measurements with the TriSon-
ica anemometer. From prior research,” it was found that the measurements are considered unreliable when the w-
component of the wind vector (vertical direction) deviates by more than 15° from the horizontal plane (u-v plane).
To address this issue when measuring the downward flow, the ultrasonic anemometer was fitted on a 90° elbow joint,
enabling the u-v plane to be oriented vertically (Figure 2).

Figure 2: A Holybro X500v2 drone equipped with the TriSonica Ultrasonic Anemometer. Two configurations are
shown, one with the u-v plane oriented horizontally (left) and one with the u-v plane oriented vertically (right). The
red arrow indicates the direction of the anemometer’s v-direction.

In a similar way to the directional limitations from the TriSonica system, the stationary anemometer system has
problems when measuring flows with highly vertical components. The measurable range of the vertical component is
+60° (Table 1), which is problematic when measuring flows that dominate in that direction.

Table 1: Overview of available data and reliability from the stationary and drone-based ultrasonic anemometer systems.

Drone System (TriSonica LI-550)®  Stationary (Young 81000)'

Sample Frequency [s~'] 40 39.1
Measurable Speeds [ns™'] 0-50 0-40
Wind Accuracy [ms™'] +0.2 +0.05
Horizontal Direction Accuracy [°] +1 +0.1
Elevation Range [°] +15 +60

2.1 WindEEE Experimental Campaign

As previously discussed, the WindEEE facility is designed for modeling non-synoptic wind profiles. The test chamber
can be configured for a variety of purposes, with 100 individually controlled fans on the walls of the chamber, and 6
larger fans in the upper plenum.® For the purposes of this study, the test chamber was configured to produce a horizontal
ABL and a continuous vertical impinging jet.

During the 2025 ERIES-SOLAR drone campaign (January 21* to January 24*), measurements were obtained
of the aforementioned cases at varying fan speeds. A stationary ultrasonic anemometer (Young Model 81000) was
used for comparison of the data from the drone system. Since the maneuverability of the drone remains difficult during
extreme wind cases (intense downbursts and tornados), the test cases were limited to lower intensities.
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The test matrix included measurements at 9 different locations with varying heights off of the ground (Figure
3b). For the horizontal ABL cases, the drone was flown at 1 and 2 meters from the ground. The vertical jet cases were
obtained at positions closer to the ground (0.4 and 1 meter), due to the fact that the dynamics of these cases diverge
from traditional analysis within the surface layer.

¢ Marvelmind Beacons
e Measurement Locations

Horizontal
N Wind «M5
. M2
: A3
° A2 °

Z Position [m]

(a) The inside of the WindEEE facility with (b) 3D Visualization of the targeted measurement locations, the horizon-
labeled measurement locations and wind di- tal wind direction, and the locations of the stationary Marvelmind bea-
rections. cons.

Figure 3: Experimental setup of the drone measurements inside of the WindEEE facility. A Young 81000 Ultrasonic
Anemometer was used for comparison with the drone data.

2.2 Post Processing of Wind Data

There are a number of considerations that need to be accounted for in order to correct the data from the drone-mounted
anemometer system. The wind data from the drone must be corrected for the motion of the drone (both orientation
and velocity), the influence of the propeller system on the overall flow, and the interference between the ultrasonic
positioning system and the ultrasonic anemometer. The full processing chain can be detailed in Equation 1, where the
superscripts denote the reference frame of the vector component. The North-East-Down (NED) convention is used,
with the "North" direction facing towards the horizontal fan array (Figure 4).

l, . ¢ — xldrone

V= RYR v+ I |+ [ 5 oe (1
' Wa Z.iirone
2.2.1 Rotation of Wind Data to Inertial Frame

Two rotations need to be applied to transform the anemometer velocity into the inertial reference frame. A first ro-
tation must be conducted to translate the raw anemometer velocity into the drone reference frame, which includes
considerations for whether the anemometer is mounted in the "elbow" or "no elbow" configuration.

0 0 1
1 0 0f, elbow
010
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The second rotation is based on the attitude from the drone, which is handled using a quaternion representation.
This rotation matrix is a function of the measured attitude of the drone, and is thus dependent on the quality of the
drone telemetry data. For this study, the drone attitude was sampled at approximately 1 Hz, reducing the reliability of
the anemometer results at higher frequencies.

Anemometer Frame(F %)

+z%

=i
Xdrone

Inertial Frame (LFi)
Horizontal
wind (u')
Drone Frame (F %)

+2z!

Figure 4: Schematic of the relevant reference frames, including the inertial, drone, and anemometer. The +y“ direction
points towards the anemometer’s "north"

2.2.2 Interference from the Ultrasonic Position Sensor

It was found that the marvelmind beacons will create periodic spikes in the raw anemometer signal, which correspond
to unrealistic velocities. This can heavily influence the statistics of the measurement if not dealt with properly. A
two-step approach is taken to remove these fluctuations. The large peaks in the signal are first removed using a peak
detection algorithm.18 The moving statistics of the signal (mean () and standard deviation (o)) are then calculated
and the peaks outside of £ + 20~ bounds are additionally removed.

2.2.3 Propeller Downwash Corrections

In addition to the corrections to the drone position and velocity, the vertical influence of the propeller system on the
measurement must also be considered (Figure 5). In open air, the propellers typically do not have much of an influence
on the horizontal wind measurements, but the vertical direction can prove to be quite troublesome.'® Typical mitigation
strategies for this issue come in the form of mounting the ultrasonic anemometer far away from the propellers, either by
tethering it below the drone,* or by mounting it far away from the propellers (= 5.3D,,,,)."* For the purposes of wind
tunnel anemometry these approaches can become cumbersome, due to the space constraints and stability requirements
of the drone while in flight. In this study, the ultrasonic anemometer system was mounted at a height of 27 cm (1D,,,,,)
from the propellers, which is well below the ideal value mentioned above.

Corrections on the vertical velocity component were thus considered using a simplified approach that was
adapted from Thielieke,'® which assumes that the propeller influence is uniquely vertical and only a function of the
drone throttle (Equation 3), where A is an empirically determined factor. There are limitations to this approach, as the
vertical influence is dependent on a wide number of factors, including individual propeller rotation rate (wp,,p), drone

. -
attitude (Ourone> Parone> Warone)> drone altitude (z),, ), and sensor location (x4 sensor), as outlined in Figure 5.

R 0
Igmp = 0 (3)
Atdrone
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Figure 5: Sketch of the sources of influence from the drone propellers on the anemometer system.
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RPM data from the drone. RPM data with a linear regression, R> = 0.49.

Figure 6: Investigation into the drone propeller influence on the ultrasonic anemometer data in the "elbow" configura-
tion.

This approach was simplified even further to assume a constant correction factor, due to the poor regression of
the relationship between motor RPM and vertical velocity from the campaign data (Figure 6b). An assumption like
this can work because the drone throttle was relatively constant during the measurements. These corrections are only
applied to the "elbow" cases, since it was found that the "no-elbow" cases don’t see this influence as intensely due to
the poor z resolution of the drone-mounted anemometer. When the drone is close to the ground, the recirculation of the
propeller downwash will begin to induce a horizontal component on the anemometer, which can be another instance
where this correction falls short (Figure 5).
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3. Results from the WindEEE Campaign

Two different flow cases are presented of the drone within the wind tunnel, showcasing the potential of the drone system
to work as both a stationary and traversing sensor system. Stationary measurements were taken for the horizontal ABL
flow to capture the statistics of the flow at different measurement locations. Traversing measurements were taken for
the vertical jet case in an attempt to retrieve a horizontal profile of the jet at different intensities.

. B=4.5m
Horizontal Fan Array
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(a) Schematic of the horizontal ABL flow tests in the WindEEE (b) Schematic of the vertical jet tests in the WindEEE facility. The
facility. The horizontal fan array generated a continuous flow, and vertical jet consists of a smaller fan array, that generated a contin-
the drone was flown around the middle of the facility at L/2. uous flow impinging on the floor of the wind tunnel.

Figure 7: Schematics of the two flow cases that are presented duing the WindEEE campaign.
3.1 Horizontal ABL Flow

The horizontal ABL flow cases were treated with special attention, to ensure that the measurements from the other
cases are reasonable, and to give perspective on the problems that still need to be resolved. For the horizontal flow
cases, the drone was flown at 2 meters above the ground ("B2" location), and stationary measurements were taken for
1 minute. These measurements were compared with the stationary anemometer downstream of the drone at the "C3"
location (Figure 3b).

3.1.1 Spatial map at the measurement locations

A spatial map of the mean U component of the wind at 20% fan speed is shown (Figure 9) at the 9 different measurement
locations for heights of 1 and 2 meters. The "B1" location observes the highest wind magnitude in comparison with the
rest of the cases, which is not what would be expected. This can be due to aforementioned factors, including poor drone
velocity estimation or propeller downwash. The other locations seem to respect the qualities that would be expected of
horizontal ABL flow, including the fact that the average wind is higher when the drone measuring at a higher position.

3.1.2 Comparison of Different Fan Speeds

A visualization of the timeseries from the drone and stationary anemometer is shown in Figure 10 for different fan
powers. A Reynolds decomposition was performed using the 1 second averaging window of the mean wind (Equation
5).

Un=U+u 5)

The horizontal turbulence intensity was estimated using the RMS of the fluctuations, as detailed Equation 6,
where (U) is the mean horizontal velocity measured by the drone and #’ is the fluctuating component. The mean
horizontal component of velocity (U) is higher for the drone than the stationary anemometer, which can be attributed
to the pressure loss of the wind tunnel.

(6)
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Figure 8: Flow visualization of the drone flying under horizontal ABL conditions, the prevalent wind direction is
indicated with a white arrow. The additional arrow indicates the influence from the propeller system.
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Figure 9: Spatial map of the mean wind measured by the drone at 20% fan speed.
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The turbulence intensity is generally higher for the drone than the stationary anemometer (Table 2). This can
be attributed to a few potential factors: the first being that the drone is upstream of the stationary anemometer, the
second being that the drone propellers could be increasing the turbulence level, and finally because the drone-mounted
ultrasonic anemometer might be better at capturing turbulent fluctuations than the stationary anemometer.

A second observation is that the stationary anemometer is reading a higher turbulence intensity at higher fan
speeds, which is contrary to what should be the case. One reason for this could be that the drone propeller downwash
will increase the turbulence level at higher wind speed, since the propellers have to spin faster to counteract the higher
wind velocity.
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Figure 10: Sample timeseries comparison of the stationary anemometer and drone-mounted anemometer at two differ-
ent locations with varying fan speeds. Error margins are indicated by the shaded regions.

Table 2: Horizontal components of mean and turbulence intensity for the 4 different horizontal ABL cases.

Case U (Drone) ms™'] U (Stationary) ms'] T, (Drone) [%] T, (Stationary) [%]
Fan Speed: 15% 279 +0.44 1.36 £ 0.21 11.54 4.62
Fan Speed: 20% 3.54 +0.44 1.83 £0.26 8.83 4.23
Fan Speed: 30% 5.10+0.43 2.75 +0.39 6.43 5.35
Fan Speed: 40% 5.78 +0.51 3.75 +0.56 6.24 7.64

3.2 Vertical Jet Flow

The WindEEE is typically able to generate a range of flows with a highly vertical component, including downbursts
and vertical jets. For the purposes of this investigation, the downburst flow was deemed to be too strong for the drone
to fly safely under those conditions. Thus, the experimental campaign focused on a steady vertical jet, with varying
degrees of fan intensity.

For the vertical jet cases, profiles were acquired by traversing the drone horizontally through the measurement
volume. In this case, the drone was traversed from the "C2" location to the "A2" location (figure 12a). Horizontal
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Figure 11: Flow visualization of the drone flying under downward flow conditions, the prevalent wind direction is
indicated with a white arrow.

profiles were constructed of the vertical jet flow at 10% and 20% fan power by correlating the drone position data and
the anemometer data. Spatial averaging was performed for one trajectory by creating a number of evenly spaced bins
of 0.5 meters to construct a preliminary profile of the vertical velocity.

Measurement Locations

.
--- Fan Power: 10% 4 % FanP 10%

: . -9 an Power: o
—— Fan Power: 20% —$— Fan Power: 20%

0
N W s

Z Position [m]

Mean Vertical Velocity [ms~1]

X Position

(a) Sample trajectories of the drone for the vertical jet cases. (b) Averaged horizontal profiles of the vertical jet impinging on the floor
of the WindEEE facility. These profiles were taken at a vertical distance
of 3 meters from the jet opening. Results were spatially averaged with a
bin size of 0.5 meters.

Figure 12: Results from the preliminary traverse cases of the drone flying through a jet vertical on the floor of the wind
tunnel.

In Figure 12b, the profile at 20% fan speed has a higher magnitude of velocity than the one at 10% (which is to

10
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be expected. The 20% case is relatively well constructed, showing a symmetrical profile with a stagnation region in the
middle regions of the jet (x = 0). This is similar to what would be expected at this distance from the stagnation region.'
The 10% case is of lower quality than the 20% case, which can be attributed to a multitude of factors, including low
quality drone velocity estimation and deviation of the drone trajectory in the y-direction.

4. Conclusions and Outlook

In this paper, we present a novel drone-based anemometer system that is uniquely suited to probe a large scale facility,
where traditional methods are too large or costly. A preliminary experimental campaign with this system was carried
out in the WindEEE facility, showcasing the advantages and challenges of applying a drone for measurements within a
wind tunnel.

Preliminary measurements of Atmospheric Boundary Layer and Vertical Impinging Jet flows were presented,
showcasing the benefits and drawbacks of using a drone-based anemometer system. Corrections of the measurements
are heavily dependent on the quality of the corrections for the added problems that come with using a drone system
indoors. If the modeling of propeller downwash can be improved and the indoor localization is of higher quality, it is
very possible to use this system reliably to reliably provide wind data indoors.

Future developments of the platform will be dedicated to the integration of a wider range of measurement sys-
tems, including hot wire anemometers and pressure sensors. Additional position estimation systems are currently being
investigated to remove the problems with interference on the anemometer system and to improve the quality of the po-
sition estimate enough for automatic control routines. Implementation of a guided flying mode will enable higher
positional accuracy and additional benefits, including tilt-based wind estimation and automatic measurements.

In addition to more sophisticated sensor technology and flight patterns, the measurement system would benefit
greatly from implementing more sophisticated post-processing techniques. With access to higher resolution drone data,
it would be possible to implement an combined state and wind estimation techniques (like an Extended Kalman Filter,
for example). These improvements will also need to be supplemented by better corrections for the influence of the
drone propellers on the wind measurement systems. Unfortunately, due to the available data from the campaign, this
was not feasible.

Additional measurement campaigns can be carried out at WindEEE to maximize the benefits of the facility.
Since the fans can be individually controlled, it is quite possible to simulate gusty environments for the purposes of
conducting investigations into drone stability and control . Experiments on drone kinematics and wake characterization
could be performed in a controlled, indoor environment, due to the large scale of the facility. The possibilities could be
quite extensive with a drone-based measurement platform, as long as the measurement systems are small enough to fit
on a drone.

In conclusion, drone-based anemometry systems have a high amount of potential to conduct measurements
in large scale facilities, despite the numerous challenges with implementation. If the quality of the measurements
can be improved, the drone system could be very beneficial towards enabling high frequency and spatially resolute
measurements at a relatively low cost.
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