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Abstract

The aim of this research was to establish the validity of wind measurements from on board a multirotor Remotely Piloted
Aircraft System (RPAS) for the purposes of wind monitoring applications. A custom-built hexacopter RPAS recorded wind speed
and direction by means of an onboard ultrasonic wind sensor, whilst operating in the inherently highly stochastic nature of
open field atmospheric conditions. Experimental data were collected during open field hovering flights subject to different
ambient conditions with free stream horizontal wind speeds reaching up to 12 m/s. Flights were conducted at different altitudes
above ground level and in proximity to a Light Detection and Ranging (LiDAR) remote wind measurement unit that was used as a
low-resolution reference meteorological station. Very good correlation was obtained between the RPAS and LiDAR unit for both
wind speed and wind direction measurements across all hovering flight altitudes. The RPAS-based wind speed measurements
were found to have a consistent 1 m/s positive offset, whilst the RPAS-based wind direction readings had a 6.16° negative offset.
These were potentially caused by differences in the localized wind fields between the LiDAR and RPAS measuring positions,
as well as by localized RPAS rotor-induced air flows for wind speed measurements and potential slight misalignments in the
instruments’ reference datum for wind direction readings.

Key words: hexacopter, multirotor, remotely piloted aircraft system (RPAS), unoccupied aerial vehicles (UAVs), wind measure-

ment

1. Introduction

Over the past decades the use of Remotely Piloted Aircraft
Systems (RPASs) and micro aerial vehicles has increased sub-
stantially, whilst the areas of deployment for such vehicles
have diversified extensively. Amongst the different sectors
in which RPASs are being deployed, one may find environ-
mental surveying, mapping and monitoring (Drummond et
al. 2015), logistics (FedEx Newsroom 2019; CNBC 2020; DHL
2020), as well as in search and rescue operations (Read 2017)
in aiding first responders in the aftermath of natural disasters
(Estrada and Ndomab 2019). Applications for the purposes of
emergency delivery of life-saving goods such as blood prod-
ucts (Amukele et al. 2017) and devices such as life rings for
individuals in difficulty at sea (Xiang et al. 2016) are also be-
ing studied. RPASs are also rapidly gaining popularity in the
fields of remote inspection of various structures (Eschmann
etal. 2012; Hallermann and Morgenthal 2013; Tyutyundzhiev
et al. 2015), whilst deployment of RPASs for the purposes of
wind monitoring applications and wind turbine inspections
at wind farm sites is also on the rise with several organiza-
tions already offering such services on a commercial basis
(Willis et al. 2018; Aerialtronics 2020; Iberdrola 2020).
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Whilst weather balloons are more adapted to obtain mea-
surements for vertical wind profiling, it is much more chal-
lenging to take weather measurements at a fixed location in
space for an established duration of time using balloon tech-
nology, as they are relatively uncontrolled devices, depen-
dent on the wind conditions at the time of flight and at the
altitude attained. Meteorological masts and towers are also
commonly used, especially when continuous measurements
over an extended period are required. Nonetheless, these be-
come less cost-effective when measurements at multiple lo-
cations and at increasingly higher altitudes are required.

RPASs and associated onboard measuring technologies of-
fer substantial benefits for wind monitoring and wind tur-
bine wake profiling operations. Multirotor RPASs offer a sta-
ble platform for the mounting of measuring equipment,
whilst being capable of maintaining a stable hover at a fixed
point in 3D space with unparalleled flexibility for the pur-
poses of measurement site selection. These advantages are
more fully appreciated when wind monitoring operations are
conducted at remote locations usually having limited acces-
sibility, such as remotely located onshore wind farm sites
and to a greater extent at offshore wind turbine installations
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occasionally located at a substantial distance from the near-
est coastline. Furthermore, RPAS operations may be easily
launched from the relative safety of a vessel at sea, with the
possibility of conducting such measurements even in less-
than-ideal weather conditions.

The uptake of such RPAS technologies in the wind mon-
itoring sector is further driven by the continuous improve-
ments in performance and capabilities of RPASs, with at-
mospheric data sensors specifically developed for mount-
ing onto RPAS platforms (Anemoment 2018; FT Technologies
2019; InterMet Systems 2020). Nonetheless, the deployment
of such mobile platforms for wind data measurements may
give rise to measurement uncertainties, mainly due to RPAS
motion during the data collection window, which could in
turn influence the validity of the onboard wind sensor’s mea-
sured data.

This new research addresses these operational uncertain-
ties by evaluating the viability of an RPAS-mounted wind sen-
sor as an accurate means of wind measurement. The method-
ology involves comparing open field measurements using an
RPAS-mounted ultrasonic wind sensor against those obtained
by a ground-based Light Detection and Ranging (LiDAR) wind
measurement system. This strives to establish whether a mul-
tirotor RPAS-mounted wind sensor can be utilized in lieu of
accepted ground-fixed conventional methods of measuring
atmospheric wind data; albeit for short durations given the
current RPAS time of flight limitations. The overarching ob-
jective being to provide key information to support the even-
tual development of airborne vehicles for the accurate mea-
surement of atmospheric parameters, such as wind speed and
direction, as a complimentary platform to currently estab-
lished ground-based wind measuring systems.

1.1. Current research

Abichandani et al. (2020) provide an extensive review of the
various RPAS-based techniques used for the purposes of wind
measurement or estimation as well as simulation modelling
techniques for such platforms. Meier et al. (2022) propose
a dynamic model-based approach utilizing the thrust gener-
ated by a multirotor RPAS to estimate the wind. In a study by
Gonzalez-Rocha et al. (2020), the authors obtain model-based
wind velocity estimates using a rigid body model. It was estab-
lished that wind velocity model-based estimates from quad-
copter motion may also be obtained for steady ascent flight
speeds of up to 2 m/s; however, it was highlighted that the
accuracy of the model-based wind estimates is highly depen-
dent on the motion model accuracy.

Nolan et al. (2018) conducted a study using two RPASs
equipped with ultrasonic anemometers at altitudes of up
to 15 m above ground level. For a typical calibration flight,
which formed part of a wider study, the authors reported a
root mean square error (RMSE) of 0.75 m/s and 8.9° for wind
speed and direction, respectively, when the RPAS-based mea-
surements were compared to ground-based instruments.

Wolf et al. (2017) explored different methods for obtain-
ing wind data using a quadcopter platform by carrying out
tests in an indoor simulated wind environment, including the
use of different types of onboard anemometers and the use

of RPAS parameters for wind estimation purposes. Marino et
al. (2015) conducted a quadcopter RPAS viability study under
wind tunnel conditions and examined the possibility of using
such vehicles for wind data sensing around tall buildings. In
another study, Prudden et al. (2018) demonstrated how the
wind velocity and turbulence intensity, captured by an air-
borne platform such as a quadcopter using a multihole pres-
sure probe, were feasible.

Nonetheless, the acceptance by meteorologists of wind
data measured with an RPAS-mounted wind sensor is depen-
dent on the confidence level of such wind data in compari-
son with wind measurements collected using accepted “con-
ventional” means. Studies comparing measurements from a
hexacopter RPAS-mounted ultrasonic anemometer to wind
data from propeller-vane anemometers mounted on a me-
teorological mast at heights of 40 and 55 m above ground
level (Shimura et al. 2018) and to a 3D sonic anemometer
at an altitude of 10 m above ground (Palomaki et al. 2017)
were conducted. The former study was limited to five RPAS
flights with a range of open field wind speeds of up to 11 m/s,
whilst the latter was conducted in light to moderate wind
speeds of up to 5 m/s. Both studies found a wind speed bias
of 0.5 m/s for the RPAS-mounted sensor, with the latter study
also reporting occasional overestimations of the wind speed
of 1 m/s. In another study by Thielicke et al. (2021) using a
quadrotor-mounted ultrasonic anemometer, the authors also
reported a wind speed bias in the RPAS-mounted sensor read-
ings, both during wind tunnel tests and when operating in
close proximity to a bistatic LiDAR. Shimura et al. (2018) also
compared RPAS-based wind measurements with two wind
data sets from Doppler LiDARs situated at relatively distant
locations (4 and 5 km) from the RPAS operations site for the
purposes of wind vector profiling up to an altitude of 1000 m
above ground level.

1.2. Project definition

The main findings in the literature available to date on the
reliability of measurements obtained using multirotor RPASs
may be consolidated as follows:

1. Most studies used data measured by conventional wind
sensors mounted on meteorological masts at a relatively
low altitude near the test site being used as reference.
One study compared RPAS data to those from LiDAR units
which were located at a large distance (>1 km) away from
the RPAS flight site.

2. Ultrasonic wind sensors emerge as the preferred sensor
type for wind monitoring applications using a multirotor
RPAS.

3. Wind speed measurements acquired by RPAS-mounted
wind sensors are commonly logged at a frequency of 1 Hz
(Palomaki et al. 2017; Shimura et al. 2018). In general,
such measurements have a positive wind speed bias in the
range of 0.5 m/s (Shimura et al. 2018) to 1 m/s (Palomaki
et al. 2017). As for the measured wind direction, studies
seemingly indicate that such readings remain relatively
unaffected.
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Fig. 1. The completed hexacopter RPAS setup.
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It transpires that wind correlation studies conducted to
date have been wind tunnel-based or carried out in other in-
door controlled environments, whilst open field studies were
conducted at relatively low altitudes and under low, open
field wind speeds, whilst also being restricted to a limited
number of flights.

It was thus established that an extensive wind correla-
tion study of wind measurements taken by an RPAS-mounted
wind sensor operated at different altitudes above the ground
and covering a wide range of wind speeds, was necessary, to
further establish an acceptable level of confidence in mea-
surements obtained from such RPAS-mounted anemometers.
The current study addresses this research gap by conduct-
ing an extensive analysis of hexacopter RPAS-based ultra-
sonic sensor wind measurements, covering a free stream
wind speed range of up to 12 m/s. These measurements
were collected in open field conditions and in close prox-
imity to a low-resolution reference LiDAR wind measure-
ment unit for a range of altitudes between 40 and 100 m
above the LiDAR unit’s reference window. The wind measure-
ments logged by the two instruments were then used to carry
out a detailed correlation analysis of wind speed and wind
direction.

This paper is organized as follows: An overview of the mul-
tirotor RPAS developed specifically for this study is given
in Section 2, followed by the methodology employed for
collecting the necessary data sets in Section 3. Section 4
details the results obtained, which is then followed by a
discussion of the key results in Section 5. The main find-
ings and conclusions, together with potential areas of fur-
ther research identified during this study, are outlined in
Section 6.
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2. Development of a multirotor RPAS
design

Since this study focused on wind monitoring applications
employing hovering RPASs, the multirotor RPAS platform of
the hexacopter type was chosen as a test vehicle because of
its ability to maintain a steady hover, and its capability of
remaining airborne in the event of loss of one rotor, making
this type of RPAS safer to operate.

The multirotor RPAS consisted of two main systems. Al-
though the two systems were physically integrated into one
vehicle, as shown in Fig. 1, these were considered as two sep-
arate units for development purposes, namely,

1. the multirotor platform, and
2. the sensor suite.

2.1. The multirotor platform

The chosen hexacopter frame was a modified off-the-shelf
Tarot FY680 frame (Tarot-Rc 2020), made of lightweight car-
bon fibre-reinforced polymer (CFRP) and aluminium alloy fit-
tings.

A mnew battery mount was specifically developed to in-
stall the RPAS battery to the underside of the RPAS plat-
form, whilst the original battery mounting plate on top of
the RPAS frame was modified and fitted with a baseplate
for a CFRP vertical pole onto which the ultrasonic wind
sensor was mounted (Fig. 1). This setup also improved the
weight distribution of the RPAS about its vertical axis geo-
metric centre, and consequently improved stability during
flight.
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Fig. 2. The ZephIR ZX 300 LiDAR unit installed on the rooftop of a building, at Cirkewwa, 1/o Mellieha, Malta.

The original pair of landing skids of the Tarot FY680 hexa-
copter frame were modified to a 500 mm x 500 mm square
footprint, increasing the RPAS’s stability during the landing
phase and hence minimizing the potential of tipping over
during landing, especially in windy conditions (Fig. 1).

The propulsion arms of the hexacopter frame were fitted
with motor mounts intended for the Tarot 680 Pro model.
This resulted in an increased rotor-to-rotor diagonal distance
of 805 mm which enabled the DJI 1345 propellers to fit prop-
erly on the hexacopter frame.

The flight controller used for the developed multirotor
platform was a DJI N3 unit, which also had a data logging
function for various flight parameters (DJI 2017), whilst a
DJI E800 tuned propulsion system (D]JI 2015) was used for
the propulsion of the RPAS multirotor. The DJI 3510 mo-
tors used were 350 rpm/V Brushless Direct Current motors of
the out-runner type. These were individually driven by an E-
series 620S Electronic Speed Controller (ESC). The propellers
fitted onto the out-runner motors were DJI 1345 twin-bladed
fixed pitch propellers, having a diameter of 345 mm (13.6 in.)
and a pitch of 115 mm (4.5 in.), with each of the propeller-
motor-ESC assemblies having a maximum thrust capability
0of 2100 g at a supply voltage of 25 V at sea level.

2.2. The sensor suite
The sensor suite measured and logged the wind speed and
direction as measured by the onboard ultrasonic wind sensor.

2.2.1. The ultrasonic wind sensor

The FT205EV ultrasonic wind sensor specifically developed
for RPAS applications by FI' Technologies (FT Technologies

2019) was selected for the wind speed and wind direction
measurements. The sensor, which has a resolution of 0.1 m/s
and an of accuracy + 0.3 m/s for wind speed and a res-
olution of 1° and an accuracy of 4° RMS for wind direc-
tion, was mounted atop a 500 mm pole fitted above the
RPAS’s centre hub to minimize the potential effect of the
RPAS rotor-induced airflow on the free stream conditions.
The FT205EV ultrasonic wind sensor was selected based on
its overall weight of 100 g and minimal aerodynamic profile —
two very important characteristics, which have a substantial
impact on the RPAS’s stability and tolerance to high winds.

2.2.2. An Arduino-based data logger

An Arduino Mega 2560 Rev 3 development board was used
to assemble an independent data logging system specifically
developed to log wind data from the FT205EV wind sensor.
A Global Positioning System (GPS) data logger shield incor-
porating a NEO-6M GPS receiver and a microSD card writer
was stacked onto the Arduino Mega 2560 Rev 3 board. Each
FT205EV wind sensor measurement was GPS timestamped
and written to the microSD card at a frequency of 5 Hz.

2.3. The LiDAR wind measurement unit

Wind measurements collected from the RPAS in flight were
compared to a reliable data set collected concurrently at the
same test site using a ZephIR ZX 300 LiDAR wind measure-
ment unit (ZXLidars 2020). This ground-based LiDAR unit is
a continuous wave LiDAR system wind measurement instru-
ment with a capability of measuring wind speed and direc-
tion at 10 different pre-set altitudes above the measurement
window. The instrument was installed on the rooftop of the

Drone Syst. Appl. 11: 1-17 (2023) | dx.doi.org/10.1139/dsa-2022-0034



http://dx.doi.org/10.1139/dsa-2022-0034

Drone Syst. Appl. Downloaded from cdnsciencepub.com by 193.188.47.71 on 09/12/23

‘Canadian Science Publishing

Fig. 3. RPAS operations site at Cirkewwa, 1/o Mellieha, Malta. Also shown is Ahrax Point (Satellite imagery: Google Earth 2020).

Cirkewwa RPAS
Operations Site

Water Services Corporation’s Reverse Osmosis (RO) plant at
Cirkewwa, 1jo Mellieha, Malta (Fig. 2). The coordinates for its
installed position were 35.98596°N, 14.33514°E, and the mea-
surement window of the unit was set at 6 m above street
level. The ZephlR ZX 300 LiDAR unit measured wind speed
and wind direction at accuracies of + 0.1 m/s and a direction
variation of less than 0.5°, respectively.

3. Data collection methodology

This section gives an overview of the data collection
methodology adopted throughout this study. Several sites
were identified for the different stages of this study. Oper-
ational sites were identified for

1. Open Field Data Collection Flights,
2. Sheltered Data Collection Flights, and
3. Tied-Down Data Collection Tests.

3.1. Site for open field data collection flights

The Maltese islands consist of a small archipelago located
in the central Mediterranean basin. The prevailing wind di-
rection over the Maltese islands is the Majjistral (north-west),
as clearly indicated in a long-term climate report for the Mal-
tese islands by Galdies (2011) and in studies conducted by
Farrugia and Sant (2011) for a site at Wied Rini, as well as at
Ahrax Point (Farrugia and Sant 2016). The Ahrax Point site for
the latter study lies approximately 3 km to the east-north-east
of the location chosen for the RPAS operations in connection
with the current study, as indicated in Fig. 3.

It was desired that the wind conditions at which the RPAS
data collection flights were conducted would have a low tur-
bulence intensity (<10%). A coastal location at Cirkewwa, 1/o
Mellieha, at the northwestern tip of the island of Malta that
is well exposed to relatively unobstructed wind flows from
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the northwesterly winds was thus selected. It was also con-
sidered necessary that the selected hover site for the open
field data collection flights was such that the operating RPAS
and the RPAS rotors’ induced airflows did not disturb the Li-
DAR wind measurement unit’s readings. The hover site for
the data collection flights was thus chosen to be downwind
of the LiDAR wind measurement unit when subjected to the
prevailing Majjistral winds (Fig. 4). This site was retained for
all data collection flights throughout the measurement cam-
paign, independent of the wind direction at the time of each
flight.

3.2. Site for sheltered location data collection
flights

Flights were also conducted in the courtyard of a build-
ing in the town of Qormi having a highly symmetrical oc-
tagonal shape measuring 17.5 m diagonally. The intention of
this set of flights was to eliminate external influences on the
RPAS which was shielded from atmospheric air currents by
the building’s 9 m high surrounding walls.

3.3. Site for tied-down testing

The sheltered location flights were complemented by a set
of RPAS tied-down tests, both of which were intended to es-
tablish whether the readings of the RPAS-mounted ultrasonic
wind sensor were biased by the localized flow field induced
by the RPAS rotors. Since these tests were ground-based, these
tests also included the logging of wind data with the RPAS in
powered down mode, and hence with no consequent rotor in-
fluence. These tests were carried out in a sheltered open space
measuring approximately 6.5 m x 6.5 m square, protected by
a 1 m high boundary wall on the southern and eastern sides,
and 3 and 7 m high walls on the northern and western sides,
respectively.
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Fig. 4. Aerial image of the Cirkewwa RPAS operations site showing the diameter of the LiDAR unit measuring cone at the RPAS
hovering altitudes, in relation to the RPAS data collection hover site (Satellite imagery: Google Earth 2020).

3.4. RPAS data collection flights

To maximize the number of data points for use in the re-
spective correlation analysis, 40 data collection flights were
conducted from the Cirkewwa site between December 2019
and March 2020. The RPAS was operated approximately 75 m
southeast of the LiDAR site, as graphically shown in Fig. 4. The
flights were conducted at four different altitudes, namely 40,
60, 80, and 100 m above the LiDAR’s measurement window
and thus coincident with heights at which LiDAR wind mea-
surements were being concurrently measured and logged.
Open field data collection with the hexacopter RPAS was con-
ducted at a fixed RPAS heading with a minimum uninter-
rupted data collection time of 5 min in hover.

Following the data collection campaign at the Cirkewwa
site, control flights were conducted at an altitude of 5 m
above ground level to minimize any ground effect phenom-
ena, in the detailed sheltered location between May 2020 and
July 2020, whilst tied-down tests were executed at the de-
tailed test site with the RPAS tied down to a rig with its ro-
tors sitting 1.2 m (equivalent to 3.5 rotor diameters) above
the ground.

4. Results and analysis

The data collected during the data collection flights
were post-processed. The wind direction readings recorded
by both instruments were adjusted with respect to True
Geographical North wusing declination values obtained
from the International Geomagnetic Reference Field model
(National Oceanic and Atmospheric Administration 2020).
Furthermore, the wind measurements recorded by the two
instruments were synchronized using the respective GPS
timestamps of each of the logged records. A standard least
squares approach was adopted for the regression analyses
pertaining to the wind correlation studies for both the wind
speed and wind direction data sets.

4.1. Incident wind during flight operations

The ground-based LiDAR remote wind measurement unit
logged wind data continuously, whilst the multirotor RPAS-
mounted ultrasonic wind sensor logged wind data whilst the
aircraft was in flight. Wind rose plots of the incident horizon-
tal wind speed and direction as measured by the ultrasonic
wind sensor during the execution of the hexacopter RPAS
data collection flights are shown in Fig. 5.

Due to the different nature of the two instruments, the
wind data from each unit were logged at a different fre-
quency. At each pre-set measurement height, the ZX 300 Li-
DAR scanned the circumference of a full 360° disk through
the air, collecting 50 samples from around the scanned disk
at equally spaced intervals every 20 ms. The values collected
for every scan were then averaged by the unit to outputa 1s
average at the specified measurement height. This resulted
in a unit output of approximately three 1 s average read-
ings of wind speed and direction for every pre-set altitude per
minute, resulting in a sampling period of approximately 20 s.
Contemporarily, the ultrasonic wind sensor logged data at a
consistent frequency of 5 Hz. Due to the substantial discrep-
ancy between the logging frequencies, it was impractical to
study the correlation between individual wind data readings.
In view of this, each LiDAR reading was compared to the av-
erage of the corresponding logged data from the ultrasonic
wind sensor over the time interval between the concurrent
LiDAR reading and the preceding reading. This resulted in a
total of 573 data points across all hovering altitudes for an
equivalent RPAS hover time of approximately 4 h.

The wind direction averaging computation was weighted
with the respective wind speeds using eq. 1. This led to the
value of wind direction computed over the averaging range to
be the equivalent of the wind direction at the averaged wind
speed.

N N
(1) 4 = arctan (Z Viooisin 6;/ Z Viooi cos@,-)

i=1 i=1
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Fig. 5. Wind rose plots for incident horizontal wind with respect to true north as measured by the hexacopter RPAS-mounted

ultrasonic wind sensor during hover operations.
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where 6 is the wind direction in degrees and V, is the wind
speed in m/s.

4.2. Wind measurement correlations

To establish whether the wind data measured and collected
by the RPAS-mounted wind sensor can be reliably considered
as a true measure of the actual wind conditions at the loca-
tion of the sensor, plots of the wind speed, and the respective
wind direction from both the LiDAR measurements and the
onboard ultrasonic wind sensor were prepared.
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4.2.1. Wind speed correlation

A plot for the wind speeds measured by the RPAS-mounted
ultrasonic wind sensor with respect to the LiDAR wind mea-
surement unit readings for wind speed is shown in Fig. 6
for data across all hovering altitudes. The plot indicates that
there exists a relatively strong correlation between the two
independently logged data sets, as indicated by the R? value
shown in the accompanying table.

The strong wind speed correlation was found to be consis-
tent across the four data sets segregated by the different flight
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Fig. 6. Hexacopter RPAS-mounted ultrasonic sensor wind speed readings with respect to LiDAR wind speed readings.
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altitudes at which wind speed measurements were taken, as
demonstrated in the plots for records segregated by flight al-
titude (Fig. 7).

4.2.2. Wind direction correlation

Similar to the wind speed correlation analysis, the correla-
tion strength between the wind direction readings from the
two independent instruments was established by a plot for
the ultrasonic sensor wind direction readings with respect to
LiDAR wind direction readings. This is shown in Fig. 8 for data
across all hovering altitudes. A series of plots for wind direc-
tion data segregated by hovering altitude was also prepared.
These indicated that the evident and consistent correlation
found in the wind speed data from the two instruments is
also present in the wind direction data across the four dif-
ferent hovering altitudes at which data were collected, as
demonstrated by the consistently high R? values shown in
Fig. 9.

It is interesting to observe that for both wind speed and
wind direction correlation analyses, the RMSE decreases pro-
gressively as the altitude increases. This is indicative of an
increasingly homogeneous wind flow field as the altitude in-
creases, potentially due to the decreasing influence of the dif-
ferent ground topographies between the LiDAR site and the
RPAS hovering site.

Having established the correlation between the wind di-
rection recorded by the LiDAR wind measurement unit and
the hexacopter RPAS-mounted ultrasonic wind sensor, it was
interesting to analyse whether the correlation was consis-
tent across the full range of wind speeds. The wind direction
delta, which is the difference in the values of wind direction
recorded by the RPAS-mounted ultrasonic wind sensor and

the LiDAR wind measurement unit was calculated for each
corresponding pair of wind direction readings. A plot of wind
direction delta as the wind speed increases (Fig. 10) indicates
that as the wind speed increases, the wind direction readings
of the two measuring instruments align closer to each other.

The wind speed correlation analysis revealed that the ul-
trasonic wind sensor readings are characterized by a posi-
tive bias. A minor discrepancy between the wind direction
readings of the two instruments is also observed. The ideal
method to establish whether the discrepancies in instrument
readings were partially or fully caused by the RPAS rotor-
induced airflow would have been to fly the RPAS indoors in
stable hover. Although this approach was indeed attempted,
it was found that this was not a viable solution due to the lack
of a GPS signal reception by the RPAS. An attempt to identify
this bias was therefore made by making use of sheltered loca-
tions for the RPAS flights, as well as by running the RPAS un-
der tied-down conditions. In both scenarios, tests were con-
ducted on relatively windless days to minimize, as much as
possible, the influence of any external airflows on these bias
identification tests.

4.3. Sheltered location testing

Wind rose plots for wind data measured by the RPAS-
mounted ultrasonic wind sensor during the sheltered loca-
tion data collection flights, for all flights and segregated by
individual flights, are presented in Fig. 11. It is apparent that
the onboard ultrasonic wind sensor did indeed record an air-
flow during the course of each flight, although the lack of
consistency in the wind direction between flights suggests
that the recorded wind data may not be fully attributed to
the rotor-induced airflow. Had this been the case, then a con-
sistent wind direction would be expected. Potentially, the

Drone Syst. Appl. 11: 1-17 (2023) | dx.doi.org/10.1139/dsa-2022-0034
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Fig. 7. Hexacopter RPAS-mounted ultrasonic sensor wind speed readings with respect to LiDAR wind speed readings, segregated

by operational altitude in hovering flight.
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100 m Vyay = 1.04V,;p + 0.90 158 0.892 0.623

recorded values of wind data may be partially due to the pres-
ence of incident atmospheric wind flows. On the other hand,
the mean recorded wind speed for each individual sheltered
flight is relatively consistent as shown in Table 1.

4.4. Tied-down testing

Testing the RPAS under tied-down conditions potentially
exposes the RPAS-mounted ultrasonic wind sensor to the
most extreme rotor-induced airflow, as the rotors operate at
almost maximum power. The configuration of each trial car-
ried out in the tied-down test sequence is described hereun-
der.

¢ Test 1 — The RPAS was powered up and the rotors were op-
erated at full power.

e Test 2 — Test conducted with rotor 3, coincident with an
RPAS bearing of 270° (see Fig. 12), disconnected, such that

Drone Syst. Appl. 11: 1-17 (2023) | dx.doi.org/10.1139/dsa-2022-0034

an airflow imbalance was created around the ultrasonic
wind sensor.

* Test 3 — The RPAS ultrasonic wind sensor was powered up
and data for a 3-min interval were logged with the rotors
powered down to establish the wind conditions at the time.

* Test 4 — Test conducted with adjacent rotors 3 and 4, coin-
cident with RPAS bearings 270° and 210°, respectively (see
Fig. 12), disconnected, with the intention of generating a
stronger airflow imbalance.

* Test 5 — The RPAS ultrasonic wind sensor was powered up
and data for a second 3-min interval for the wind condi-
tions at the time were recorded, with all rotors powered
down.

The data recorded during the two 3-min intervals with the
RPAS rotors powered down (Fig. 13) indicate that the wind
speed is relatively consistent, whilst the wind direction pro-
file was different when comparing both tests.
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Fig. 8. Hexacopter RPAS-mounted ultrasonic sensor wind direction readings with respect to LiDAR wind direction readings.
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When comparing the wind rose plots in Fig. 13 for RPAS
tests with powered down rotors with those in Fig. 14 for RPAS
tests with rotors powered up, the recorded wind speed was
evidently higher when the RPAS rotors were powered up.
This indicates that the induced airflow of the RPAS rotors
does indeed influence the mounted wind sensor measure-
ments when the RPAS is in close proximity to the ground.
From Table 2, the mean recorded wind speed with the RPAS
powered down was approximately 0.5 m/s, whilst the mean
recorded wind speed with spinning rotors was closer to 2 m/s.

There is also an initial indication that as more rotors are
disconnected, the wind speed bias also decreases. Extra cau-
tion should be exercised in interpreting this observation as
the available data are limited to just three instances, thereby
demanding a more detailed analysis based on extended test-
ing and data collection.

Although the rose plots for tests with rotors powered
up indicated occasional wind speed readings of 6 m/s or
above, these occurrences were minimal (0.66% of the read-
ings recorded with powered up rotors). These were poten-
tially caused by occasional atmospheric breezes interfering
with the rotor-induced airflow due to the tests being con-
ducted outdoors. Furthermore, these readings were sampled
at a frequency of 5 Hz and, unlike the open field readings
were not averaged over a longer time interval, consequently
resulting in the smoothing of any open field wind measure-
ment spikes.

While analysing the wind directions recorded during these
test flights, it was noticed that the recorded wind direction
did not align with the powered down rotors. Incidentally, the
wind direction profiles for Test 2 and Test 3, which were exe-
cuted in rapid succession, seemed to be substantially similar.
This similarity, although potentially coincidental, indicates

10

that the wind direction may have been affected by the atmo-
spheric conditions at the time.

It was expected that in Test 2, more occurrences with a
wind direction of approximately 270°, and in Test 4, more oc-
currences of approximately 240° (midway between 210° and
270°), would have been recorded. The lack of proper align-
ment with the powered down rotors may further indicate
that the recorded wind direction may still have been influ-
enced by atmospheric wind conditions at the time of the
tests.

Based on the above analyses, it may be claimed that the
wind speed recorded by the onboard ultrasonic wind sensor
does indeed possess a bias caused by the RPAS’s rotor-induced
airflow when in close proximity to the ground. Nonetheless,
it is considered that further research and dedicated testing
are necessary to accurately quantify such a bias under differ-
ent flight conditions. On the other hand, indications are that
the recorded wind direction may be less affected by the poten-
tial airflow imbalance, and more dependent on the incident
atmospheric wind direction.

5. Discussion

As previously explained in Section 3.1, the selected hover-
ing location was downwind of the LiDAR unit (with respect to
the prevalent NW winds). A strategy which potentially gives
rise to differences in localized wind fields between the RPAS
operations site and the LiDAR’s scanning cone, potentially re-
sulting in slight discrepancies in the measured readings. This
effect was also attributed to the discrepancies in the readings
observed by Shimura et al. (2018) in their wind correlation
study.
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Fig. 9. Hexacopter RPAS-mounted ultrasonic sensor wind direction readings with respect to LiDAR wind direction readings,
segregated by operational altitude in hovering flight.
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Fig. 10. Hexacopter RPAS-mounted ultrasonic wind sensor to LiDAR wind direction delta with respect to ZX 300 LiDAR wind

speed readings.
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Fig. 11. Wind rose plots for flights conducted at an altitude of 5 m above ground at the Qormi sheltered site. Wind direction

readings are with respect to the hexacopter RPAS heading.
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Table 1. Mean recorded wind speed for hexacopter RPAS flights

in a sheltered location.

Test number Mean wind speed (m/s) Standard deviation (m/s)
1 0.984 0.325
2 0.981 0.336
3 1.109 0.505
Combined 1.029 0.408

5.1. Wind speed

The wind speed correlation results presented in Section 4
for the wind speed readings of the LiDAR unit and the hex-
acopter RPAS-mounted ultrasonic wind sensor indicate that
the latter sensor’s readings generally differ from the LiDAR
wind speed measurements by a positive offset of 1 m/s. The
regression line’s gradient for the full data set across all flight
altitudes was found to be 1.01 (Fig. 6). It was also observed
that a consistent regression line gradient close to unity and
an offset of 1 m/s were present for the wind speed data segre-
gated by RPAS operational altitude (Fig. 7), indicating that the
offset of 1 m/s does not change with increasing wind speed.

The wind speed offset observed may be caused by the dif-
ferent topography features at the two wind measurement
points. Nonetheless, potentially it may also have been caused
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by the incident horizontal wind disturbing the inflow field of
the RPAS rotors at the wind sensor level above the RPAS’s cen-
tre hub, causing the flow to skew in the wind direction. This
may have resulted in the mounted wind sensor measuring
a higher horizontal wind speed than the actual atmospheric
wind speed, as witnessed in previous studies (Palomaki et al.
2017; Shimura et al. 2018). The obtained results therefore fur-
ther justify a proper investigation into the source of the 1 m/s
offset to establish whether this was a topographically induced
offset, an RPAS rotor airflow-induced offset, or potentially a
combination of these two causes.

An attempt to establish the cause of this offset was made
during this study by running sheltered location tests under
both airborne and tied-down conditions in which the atmo-
spheric wind speed was minimal. Due to the limited control
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Fig. 12. Plan view of the hexacopter RPAS showing the bearing of each motor in relation to the front (nose) of the aircraft and

Front of UAV - 0°

its respective direction of rotation.

90°

\ 150°

Fig. 13. Wind rose plots for two 3-min interval recordings of wind conditions during Test 3 (left) and Test 5 (right) of the
tied-down test sequence for the hexacopter RPAS. Wind direction readings are with respect to the hexacopter RPAS heading.
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on the environment in which these tests were carried out, the
cause of the wind speed offset could not be established with
substantial certainty. However, the results for these tests pre-
sented in Section 4 do confirm that the rotor-induced flow
does contribute to the offset.

5.2. Wind direction

The wind speed data analysis was followed by a similar
analysis of the wind direction data detailed in Section 4.
To analyse the relationship, it was deemed suitable to use
a Cartesian plot thereby plotting the RPAS-mounted wind
sensor measurements on the y-axis against the reference Li-
DAR wind measurements on the x-axis. A perfect correlation
would yield a linear regression line having a gradient of unity
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and a y-intercept of zero. Although the data values fall in the
range 0°-360°, this is a circular data range and it therefore
transpires that the offset at the 0° and 360° positions should
be equal. This was achieved by fixing the gradient of the fitted
regression line at unity.

It should also be noted that the LiDAR unit was installed
on the rooftop of an RO plant. Consequently, the unit was
placed on top of a concrete structure which also contained
a reinforcing steel mesh. Furthermore, the hall beneath the
unit housed high voltage power transformer units required
to power the RO plant, potentially generating significant
magnetic fields. This could potentially lead to anomalies in
the compass readings of the LiDAR unit, and to a lesser ex-
tent the compass readings of the RPAS-mounted instruments.
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Fig. 14. Wind rose plots for hexacopter RPAS tied-down tests with all rotors powered up (Test 1) and with rotor 3 (Test 2) and
rotors 3 and 4 (Test 4) disconnected. Wind direction readings are with respect to the hexacopter RPAS heading.
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Table 2. Mean recorded wind speed during the hexacopter RPAS tied-down testing

phase.
Test number Flight setup Mean wind speed (m/s)  Standard deviation (m/s)
1 All Rotors ON 2.350 1.271
2 Rotor 3 OFF 2.027 1.127
3 All Rotors OFF 0.474 0.446
4 Rotors 3 and 4 OFF 1.944 1.176
5 All Rotors OFF 0.506 0.527

Notwithstanding the possible electromagnetic environment,
the data indicate a relatively strong correlation between the
two sensing instruments.

The correlation for wind direction readings between the
two instruments based on the Cartesian plot shown in Fig. 8,
resulted in a negative wind direction offset of 6.16° for the
ultrasonic sensor wind direction reading with respect to the
LiDAR wind direction measurement. The offsets for the wind
data segregated by flight altitude (Fig. 9), fall within a rela-
tively tight angular range of less than 3°, more specifically
between —4.84° and —7.69°. This indicates a reliable wind di-
rection reading, which is further reinforced by the high R?
values which exceed 0.93 for each of the wind direction cor-
relation studies. Two main factors that may have significantly
contributed to this offset could be a slightly altered wind pro-
file from the LiDAR’s measurement cone to the RPAS hover-
ing site, as well as any minor misalignment in the mounting
references of the two instruments. A third cause that may
also have a minor influence on the resulting offset may be
the difference in localized electromagnetic fields due to the
electrical plant at the LiDAR installation site. The resulting
offset may potentially be a combination of the above factors
with each providing a minor contribution to the overall off-
set.

It was also observed that when incident wind speeds were
in the lower magnitude range, a wider discrepancy was no-
ticed in the wind direction readings between LiDAR and ultra-
sonic wind sensor readings (Fig. 10). This phenomenon was,
to some extent expected, as lower wind speed conditions tend
to give rise to relatively more independent localized wind
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eddy currents. These easily differ between the different mea-
surement locations of the RPAS position at hover and the Li-
DAR measuring cone.

5.3. Sheltered test flights and tied-down testing

Having established that the wind speed data between the
two sensors showed a 1 m/s offset, it was interesting to es-
tablish whether there may have been any particular RPAS-
induced signature wind profile contributing towards this
wind measurement offset. Should this have been the case,
such signature wind profiles could be established for the var-
ious operating conditions of the RPAS and the various rotor
speed profiles of the RPAS. This would enable the superim-
posing of such profiles onto the wind readings from the open
field tests to further enhance the accuracy of the open field
wind measurements. The purpose of conducting sheltered
location RPAS flights as well as the tied-down tests was to
identify whether such signature wind profiles were indeed
present.

The recorded average wind speed measurements for the
sheltered set of flights were very consistent with an overall
average of 1.03 m/s and falling within a very tight range of
magnitudes between 0.98 and 1.11 m/s (Table 1). Although
this could very well be partially or completely caused by an
incident wind at the time of the flights, it is also equivalent
to the correlation offset between the RPAS’s onboard sen-
sor and the LiDAR wind speed measurements. Furthermore,
the wind rose plots shown in Fig. 11, for the wind data dur-
ing the airborne sheltered location flights, indicate a rela-
tively wide wind direction spread, both within each flight
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and across flights, with a relatively consistent wind speed
spread in all wind directions. It should also be noted that
the three airborne sheltered location flights were conducted
within a tight 50-min window; a limited timeframe for the
open field atmospheric wind conditions to change signifi-
cantly between flights.

When the hexacopter RPAS was operated under tied-down
conditions, the RPAS flight controller continued to demand
close to maximum thrust (85% pulse width modulation duty
cycle). Under these conditions, as the battery voltage drops so
too does the revolutions per minute (rpm) of the RPAS’s ro-
tors, making testing under these conditions more challeng-
ing due to diminishing rpm. Nonetheless, it was evident that
a significantly lower wind speed was measured during the
sheltered location flights than when tests were run under
outdoor tied-down conditions. This suggests that although
the RPAS was set up with the rotor hubs at 1.2 m above the
ground, the proximity of the ground influenced the wind
speeds measured. Unfortunately, elevating the RPAS further
during the outdoor testing would have exposed the wind sen-
sor to stronger incident atmospheric wind currents, defying
the scope of the tied-down tests, which was primarily to in-
dependently measure the effect of the RPAS’s rotors on the
wind sensor measurements.

A substantially noticeable difference in the average
recorded wind speeds between the sheltered location flights’
data sets and the tied-down tests exists, with an average
recorded wind speed of 1.03 m/s for the former and an aver-
age recorded wind speed of 2.35 m/s for the tied-down test
with all rotors running at full power. The recorded back-
ground average wind speed was of approximately 0.5 m/s,
as evidenced in Table 2 by the average wind speeds for the
two powered down tests. Although this substantial differ-
ence could have been caused by the proximity of the RPAS to
the ground during tied-down testing, it should also be high-
lighted that the tied-down tests were run with rotors spin-
ning at an average 5740 rpm, whilst the sheltered location
flights were run with rotors spinning at an average 4560 rpm
which was just enough to maintain the hexacopter RPAS in a
stable hover.

Another particular observation is that although for both
the sheltered location flights and the tied-down test with all
rotors powered-up there is an appreciable number of occur-
rences in most of the direction sectors, a higher occurrence
of incident wind was found in the 30°-60° relative wind direc-
tion sectors. Although this could possibly be an indication of
a particular RPAS signature wind profile, this warrants a more
extensive study focusing specifically on establishing any such
signature wind profiles, as further outlined in Section 6.

6. Conclusions and further research

This paper validated wind measurements from a hexa-
copter RPAS-mounted ultrasonic sensor against data from a
ground-based LiDAR unit. The following are the main conclu-
sions drawn from this study.

1. Very good correlation was obtained between the wind
speed data from the ultrasonic sensor and the LiDAR unit
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readings for all flight test altitudes. However, a positive
offset of 1 m/s was identified. This offset remained approx-
imately constant across all wind speeds and for all flight
altitudes and may have partially resulted from the flow
field induced by the six RPAS rotors.

2. The wind direction readings measured by the RPAS-
mounted ultrasonic wind sensor were also well correlated
to the LiDAR wind direction readings with a negative off-
set of 6.16°. The observed offset may have resulted from
minor misalignments in the mounting references of the
two instruments, as well as a potentially slightly different
wind profile between measurement locations.

The consistently very good correlation observed across all
operational hover altitudes between the RPAS-based ultra-
sonic wind sensor readings and LiDAR unit wind measure-
ments demonstrates the potential for using the RPAS as an in-
strument for wind monitoring applications at high altitudes
without the need for deploying expensive instrument plat-
forms, albeit of a time-limited nature.

6.1. Recommendations for further research

The open field data collection flights highlighted the im-
portance of maximizing the RPAS’s flight endurance to en-
able the collection of wind data over an extended time win-
dow, or at a location further afield from the RPAS launch site.
It is also evident that using the open field scenario for re-
search purposes comes with its inherent challenges, as it is a
relatively uncontrolled environment and hence very stochas-
tic in nature. Isolating individual factors which potentially
have an adverse effect on the RPAS-based wind sensor mea-
surements is difficult to achieve in such uncontrolled envi-
ronments. For a better understanding of the effects of in-
dividual factors on the onboard wind sensor measurements
it is suggested that for data collection under no wind con-
ditions, measurements are taken in an adequately sized in-
door location. Untethered RPAS indoor flight tests would un-
doubtedly entail the use of alternative stabilizing systems,
other than a GPS unit, such as stereo vision-based naviga-
tion or the use of laser range finders; stabilizing technologies
necessary for the RPAS to maintain an autonomous stable
hover even when subjected to minor external disturbances.
Tied-down testing should be conducted with the RPAS fixed
to an elevated structure at a substantial altitude above the
ground to eliminate “ground effect” phenomena. For the pur-
poses of establishing potential RPAS signature wind profiles
when operating under different wind conditions, further test-
ing may be carried out in the controlled environment of a
suitably sized wind tunnel for a range of simulated wind
speeds.
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