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Abstract: Wind speed and direction are critical meteorological elements. Multi-rotor unmanned
aerial vehicles UAVs are widely used as a premium payload platform in meteorological monitoring.
The meteorological UAV is able to improve the spatial and temporal resolution of the elements
collected. However, during wind measurement missions, the installed anemometers are susceptible
to interference caused by rotor turbulence. This paper puts forward a wind pressure orthogonal
decomposition (WPOD) strategy to overcome this limitation in three ways: the location of the sensors,
a new wind measurement method, and supporting equipment. A weak turbulence zone (WTZ) is
found around the airframe, where the turbulence strength decays rapidly and is more suitable for
installing wind measurement sensors. For the sensors to match the spatial structure of this area,
a WPOD wind measurement method is proposed. An anemometer based on this principle was
mounted on a quadrotor UAV to build a wind measurement system. Compared with a standard
anemometer, this system has satisfactory performance. Analysis of the resulting data indicates that
the error of the system is 0.3 m/s and £2° under hovering conditions and +0.7 m/s and +5° under
moving conditions. In summary, WPOD points to a new orientation for wind measurement under a
small spatial-temporal scale.

Keywords: UAV; anemometer; wind measurement

1. Introduction

The atmospheric boundary layer (ABL) is the lowest layer of the Earth’s atmospheric
structure. The ABL acts as an important bridge between the Earth’s surface and the
free atmosphere and is the leading site for all life activities. In recent years, with the
increasing attention paid to the atmospheric environment [1], more and more experts
point to the necessary development of high space-time resolution systems for detecting
ABL. In particular, monitoring wind speed and direction is extremely important, as they
visually characterize the state of the ABL. It is an essential reference for the study of
atmospheric circulation, numerical weather prediction, ecological protection, and low-
altitude aviation safety.

However, despite the need for such data, these measurements are not necessarily
easy to acquire. Existing wind measurement equipment and methods generally lack the
capability to perform high temporal and spatial resolution wind measurements at ABL.
Several commonly available wind measurement devices and their application scenarios are
shown in Figure 1.

(1) Ground-based weather stations and wind towers are the most commonly used near-
surface (0-100 m) wind measurement equipment [2,3]. They have high wind measurement
accuracy and satisfactory time resolution. Their spatial resolution is limited due to their
fixed installation and high deployment costs [4].
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(2) Sounding balloons and meteorological aircraft are often used for high-altitude
(1-10 km) wind measurement [5]. These types of equipment use GPS or attitude sensors
to establish a link between the wind and the flight state and to invert the wind speed
and direction [6-11]. They are usually not very accurate and have an uncontrollable wind
path [12-15].

(3) Doppler radar has been a popular piece of wind measurement equipment in recent
years. It can be divided into L-band radar, S-band radar, and LIDAR in terms of the
wavelengths of the electromagnetic waves emitted. It solves real-time wind velocity and
direction by measuring the Doppler shift generated by the echoes of particles moving
at different speeds in the atmosphere. Depending on the type of Doppler radar, it can
extend from a few tens of meters to tens of kilometers or even further. It also has excellent
time continuity and can generally achieve second-level responses. Doppler radar is a
kind of wind measurement equipment with a wide area and high time resolution [16-19].
However, it has a limited spatial resolution. LIDAR, for example, generally only reaches a
spatial resolution of 1-3 m. With very high deployment costs, Doppler radar has certain
shortcomings in terms of refinement and large-scale deployment that are not suitable for
the detection of ABL.
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Balloon sounding aircraft
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Figure 1. Wind measuring equipment for different altitudes.

The average thickness of the ABL is about 1-2 km (10-20% of the bottom of the
troposphere) [20]. As mentioned above, there is a lack of suitable equipment to achieve
high temporal and spatial resolution wind speed and direction detection in this interval.
Fortunately, in recent years, coupling flight control systems and small aircraft have been
extensively developed. Multi-rotor UAVs derived from this have become a potential
platform for carrying wind measurement equipment. Considering the fast maneuverability
of multi-rotor UAVs, which allow for fixed speed cruise and fixed point hovering, they are
ideally suited to be used for detecting meteorological elements in the ABL [21]. It can carry
wind measurement devices, thus enabling continuous measurement of wind velocity and
direction at various spatial and temporal scales.

In approaches of access to relevant parameters, wind measurement methods based on
multi-rotor UAV platforms can be divided into indirect measurement and direct measure-
ment methods (IMM and DMM).

For IMM, Gonzalez points out that UAV flight regimes differ in different wind fields,
and by building a mathematical model between the flight attitude and the wind field, it is
possible to invert the wind speed and direction from its flight parameters [22]. He built three
models to obtain wind speeds from the output of the UAV motors, the attack, roll, and pitch
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angles of the airframe. With the rapid development of various non-linear models, artificial
intelligence and machine learning techniques have been used in wind measurement models
in recent years [23,24]. They are effective in improving the measurement performance
of IMMs. The advantage of the IMM method is that it does not require additional wind
sensors to be deployed on the UAV platform. It reduces the UAV’s take-off weight and
increases its maneuverability. However, the IMM algorithm requires calculating the drag
force of the multi-rotor UAV in the incoming flow. Before designing the algorithm, an
accurate UAV drag coefficient must be obtained. At the same time, IMM will generate a
massive amount of computing, which places higher demands on the control system of the
UAV. It leads to poor portability of the indirect method of wind measurement and prevents
its large-scale application in practical wind measurement scenarios.

DMM means that the wind parameters are obtained directly by mounted anemometers
while the UAV is in flight. Riddell first measures wind velocity by attaching a wind cup to
the UAV [25]. Wolf and Abichandani point out that rotor airflow was the primary factor
affecting the accuracy of the measurements [26,27]. Ultrasonic anemometers installed on
multi-rotor UAVs are currently the most chosen option for the DMM. Mallon designs a sys-
tem with two A-type ultrasonic anemometers suspended underneath a quadrotor UAV [28].
Experiments prove that the system can be used for drawing wind profiles. However, he
ignores the rotor airflow interference with the anemometer, which causes a significant
impact on the accuracy of the wind measurement. Thorpe achieves three-dimensional
detection of wind profiles from 0-50 m/s by installing an ultrasonic anemometer on a large
eight-rotor UAV [29]. The results show that the anemometer is also subject to interference
from the rotor airflow.

To overcome this problem, several scholars attempted to increase the mounting height
of the wind sensor to keep it away from the rotor airflow. Wolf mounted a hot-wire
anemometer 70 cm above a quadrotor UAV [26]. In a windless environment, the rotor
airflow would interfere with the anemometer by about 0.5 m/s. Palomaki set up an ultra-
sonic anemometer 30 cm above a six-rotor UAV [30]. He compared this system with three
ultrasonic wind measurement towers in various incoming flows. The results determined
that its wind velocity error was between 0.3 and 0.8 m/s and its wind direction error was
between 25° and 56°.

The wind measurement accuracy of DMMs is limited by the degree of coupling
between the algorithm of the wind measurement sensor and the flight attitude of the UAV.
Through comparative wind tunnel experiments, Li points out that ultrasonic anemometry
produces more significant errors when tilting the UAV [31]. It is important to consider the
effect of the attitude of the airframe on the wind measurement [32]. Geoffrey designed
two wind measurement systems [33]. One was based on the DMM, with a Young Model
81000 ultrasonic wind gauge installed 520 mm above a six-rotor UAV. The other system
was based on the IMM, a quadrotor UAV equipped with a rigid body model. The results
showed that the DMM was significantly less accurate than the IMM wind measurement.

However, because DMMs are easier to develop and use, they have been widely used
in meteorological and industrial detection. The reason for the poor accuracy of the DMM
is that it requires ample installation space due to the size of the sensor. Therefore, the
sensors are limited to the upper part of the multi-rotor UAV. However, if the sensor is
not installed high enough to keep it away from the rotor airflow, the interference remains.
Furthermore, if the sensor is installed too high, not only does it change the UAV’s center of
gravity, but the wind resistance moment generated by the sensor surface also affects the
stability of the UAV. This phenomenon may even cause secondary interference to the wind
measurement [34].

In order to improve the wind measurement accuracy of DMM quadrotor UAVs, we
found a WTZ by analyzing the flow field of a quadrotor UAV. With respect to the spatial
structure of this region, this paper first presents a wind measurement method based on
the WPOD and develops a wind measurement sensor. Installing the sensor in the WTZ
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weakens the rotor turbulence to ensure wind measurement accuracy. Therefore, the main
contributions of this paper are as follows.

(1) A quadrotor UAV was accurately modeled. Computational fluid dynamics (CFD)
software simulates the model’s flowfield in various incoming flows. Based on the results,
the intensity of the disturbing wind field in different areas around the quadrotor UAV was
compared and analyzed. We found that there is a relatively static wind zone on the outside
of the UAV blade, where the wind measurement sensor can not only improve the wind
measurement accuracy. It also helps to reduce the wind resistance moment of the sensor,
which can improve the flight stability of the multi-rotor UAV wind measurement system.

(2) We proposed the WPOD algorithm for the spatial characteristics of the relatively
static wind region. The algorithm decomposes the wind pressure vector around the multi-
rotor UAV, and the inverse performs the real-time wind velocity and direction based on
Bernoulli’s equation. At the same time, the algorithm creates a six-degree-of-freedom
correction matrix based on the flight attitude of the UAV. The compensation of the variation
of the wind pressure in each direction between the airframe coordinate system (ACS) and
the geographical coordinate system (GCS) can be realized.

(3) We designed a wind measurement sensor based on the proposed theory and built
a wind measurement system based on a high-lift quadrotor UAV. We carried out long wind
measurement experiments with the UAV in hovering and moving conditions and showed
that the system has satisfactory wind measurement results when compared with standard
data from weather stations.

The rest of the paper is organized as follows. In Section 2, we analyze the flow field
of a quadrotor UAV flying in various environments by CFD software and find a WTZ for
installing wind sensors. In Section 3, the WPOD wind measurement method is proposed
based on the structure of the WTZ, obtaining wind velocity and direction from wind
pressure. In Section 4, we design an anemometer based on the WPOD principle and correct
its pressure coefficient. In Section 5, the performance of the WPOD anemometer is verified
by a comparison with a standard anemometer. In the final section, the work of the paper
is summarized, the prospects for applying the WPOD wind measurement method are
discussed, and the next steps in the research are outlined.

2. Flow Field Analysis of Quadrotor UAV

In this section, a quadrotor UAV of a common size is used as the object of study. Using
CFD software simulates the UAV’s flight flow field in various environments and analyzes
the distribution of turbulence around the UAV.

2.1. Experimental Setup for Wind Field Analysis

Figure 2a shows the quadrotor UAV in the experiment. Its structural parameters are
shown in Table 1.

Table 1. Key parameters of the quadrotor UAV simulation model.

Parameters Annotation
Blade 9045 Blade diameter 9 inches, pitch 4.5 inches.
Wheelbase 450 mm Distance between two opposite motor shafts.

The ratio of the distance between the centers of

Spacing ratio 1.4 two adjacent blades to the diameter of the single blade.

In order to simulate the UAV flight flow field to the maximum extent possible, the
blade dimensions, wheelbase, and spacing ratio of the UAV model were strictly built. We
simplified the fuselage structure to reduce the model complexity with a 100 x 100 x 30 mm
rounded-corners cube. The rotor arm was a rigid cylinder with a diameter of 1 cm. Figure 2b
shows the quadrotor UAV model.
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As shown in Figure 3, the static fluid domain of the experimentis a 10 x 4 x 4 m cubic
space, where the air density is 1.225 kg/m3, and the gravitational acceleration is 9.86 m/s.
We divided the space around the four rotors into separate dynamic domains. The center
coordinates of rotors 1, 2, 3, and 4 were (3682, 1682, 0 mm), (4318, 1682, 0 mm), (4318, 2318,
0 mm), and (3682, 2318, 0 mm). Among them, rotor 1 and rotor 3 rotate clockwise, and
rotor 2 and rotor 4 rotate counterclockwise. The UAV was positioned 6 m from the airflow
inlet and 2.5 m from the ground, and Xp pointed to the airflow inlet.

\)
4 3 %

(a) Experimental UAV. (b) UAV simulation model.

1 2

Figure 2. Experimental UAV and its simulation model.
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Figure 3. Simulated scenarios.

We completed the meshing of the computational domain in Ansys meshing, as shown
in Figure 4. The total number of meshes was 5.0 million, and the quality values of the
generated mesh structure achieved a maximum skewness of 0.68, minimum element quality
of 0.36 and minimum orthogonal quality of 0.34.

Ansys Fluent was used for numerical simulation of the flow field. Because the rotor
airflow is caused by rotating at high speed, the SST K — w turbulence model was selected,
which was suitable for complex shear stress flow [35]. This model combines the traditional
K — € and K — w models in a weighted-average manner to provide a good balance between
the simulation of the viscous sublayer and the near-wall flow. The pressure outlet boundary
was used for the wall, and the inlet was set as velocity inlet; the upper surface of the
total calculation domain and the lower surface were set as the non-slip wall. The sliding
grid controls the moving field’s rotation, and the rotation speed was set to 8000 rpm.
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An unsteady transient calculation was adopted with a time step length of 0.001 s and 20
iterations for each step length. The convergence residual was set as 1074, and the flow field
of the rotor after 10 s was calculated.

Figure 4. Meshing of blade dynamic domain.

2.2. Flow Field Analysis of the Quadrotor UAV Flight

There are two WTZs above and below the UAV in zones A and B of Figure 5. The black
lines in Figure 5 show the sampling paths of the airflow velocity in these areas. The airflow
intensities and locations discussed next are sampled from these lines. They are located in
the center of the area, and all start at 0 mm from the UAV housing. Referring to Figure 6,
the turbulence around the UAV body in zone A is quite low (0.04 m/s). As the altitude
rises, the turbulence in zone A becomes more intense (reaching a maximum of 1.68 m/s at
164 mm). The intensity of the turbulence then gradually decreases. Zone B, a bell-shaped
compartment with a diameter similar to the UAV fuselage and a height of nearly 40 cm,
has the largest space for weak turbulence. In zone B, the turbulence velocity remains below
0.3 m/s along the Z-axis from the lower surface of the UAV. It increases significantly to a
maximum of 12.3 m/s when zone B extends to the diffuse downwash flow.

The above simulation results agree with the experimental results of Wang [36]. For
this reason, most wind sensors in active service are installed above or below the fuselage.
At the same time, there is also a WTZ (zone C) outside the rotor in Figure 5a. Zone C starts
at the end of the rotor arm. Although the first 10 cm of this zone is completely exposed
within the strong downwash flow (wind velocities may reach 40 m/s), once it escapes from
the downwash, the turbulence intensity will decrease significantly. At 230 mm from the
rotor arm, the intensity starts to fall below zone B’s, and at 500 mm from the boom, the
velocity is just 0.2 m/s.

While the UAV is in a dynamic flow field, significant variation occurs in the flow field
in zones A and B. Initially, the WD is the main disturbance generator, with the highest
disturbance velocity near the fuselage. As it moves away from the fuselage, the power
of the WD decreases, causing the velocity of the disturbance to decay rapidly. However,
during the subsequent period, the WD and inhaled flow (IF) alternate in controlling the
airflow movement in the region. This makes the turbulence extremely unstable in this
zone, with large fluctuations. In zone A, after 100 mm from the fuselage, the IF becomes
the dominant factor in the disturbance, and the disturbance velocity starts to decrease
monotonically from 1.0 to 2.0 m/s. In zone B, due to the influence of the downwash airflow
being blown away by the incoming flow, a peak in spoiler velocity still occurs after 200 mm
from the fuselage and then gradually decreases.

The downwash airflow is the primary cause of disturbance in zone C. For the first
120 mm, the velocity of the disturbed flow is nearly the same as that of the downwash.
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Because the downwash flow has a strong directional influence, the disturbance in zone C
will quickly decrease once it is released from the downwash’s control.

Figure 7 shows the lowest turbulence interval in these zones for various incoming
flows. It is clear that although zone A is by far the most common location for the anemome-
ter to deploy, it is not an optimal choice. The space in zone A is so small that it is no more
than 50 mm high in almost all scenarios. At the same time, it is precarious against turbu-
lence, and consequently, it is difficult for wind sensors to avoid turbulence effectively here.

On the whole, zone B provides better anti-disturbance in spaces up to 200 mm from
the body. However, as Zone B is directly below the UAV, we must take into account the
height of the landing gear (typically only 50-150 mm), and this space is too small for the
size of the anemometer. Furthermore, the turbulence in zone B fluctuates significantly
with the distance from the UAV. The sensor deploying position needs to be further defined
to avoid interference. Therefore, it can be concluded that installing wind measurement
sensors in zone B is complex and a safety hazard.

(e) 10 m/s.

Figure 5. Velocity nephogram of the quadrotor UAV at different velocities of incoming flow.
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Figure 7. A, B and C with minimum disturbance in different incoming flow velocities.

Zone C shows a decent anti-turbulence performance. After a distance of 270 mm from
the fuselage, the turbulence therein is kept to a minimum. Although zone C is not optimal
in the 100-250 mm range, the internal disturbance velocities are below 1.0 m/s, which is
the same order of magnitude as the optimal zone. In all scenarios, once freed from the
initial downwash, the disturbance intensity of zone C remains relatively low. At the same
time, the location of zone C avoids the landing path of the UAV, which leaves a larger space
to install the wind sensor. Therefore, it is safe to assume that zone C is a more suitable
location for wind sensors than others.
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3. The Wind Pressure Orthogonal Decomposition Wind Measurement Method

As seen in Section 2, zone C is annular with a narrow inner and wide outer zone. Here
the conventional ultrasonic and thermal anemometers are too large to be installed. In order
to miniaturize the wind sensor, a WPOD wind measurement method was designed based
on Bernoulli’s equation.

3.1. Wind Measurement Principles

Assume that air is an incompressible gas. At this point, according to Bernoulli’s
equation: in an ideal flow field, the static pressure at the same height on the same flow
line is equal everywhere, and the sum of its dynamic pressure is the total pressure [37], as
shown in Equation (1).

PDynamic + Pstatic = Protal 1

where Ppyyamic is the dynamic pressure somewhere on this flow line and is proportional to
the square of the fluid velocity (as shown in Equation (2)), p is the fluid density, and v is the
fluid velocity. Pgyu;c is the static pressure on this flow line. As shown in Figure 8, there are
two thin tubes with parallel flow lines and opposite opening directions in the flow field.

1
PDynumic = EPUZ ()

Fluid

Yvyy

—— : P —_ .

v v, [ \ﬁ L ——
N Tube A 2y Tube B —

s

Figure 8. Wind measurement principle of Bernoulli’s equation.

Since the opening of tube A is facing the incoming flow, the velocity of v4 is approxi-
mately equal to the incoming flow (v4 = V), and the internal pressure is the total pressure
(Pg = Pryptar)- At this point, from Equations (1) and (2), the following relationship holds
as Py = %pvi + Pstgtic. The opening of tube B is completely back to the incoming flow,
and vp is almost completely static (vp = 0 m/s). Therefore, the pressure inside tube B is
consistent with the static pressure of the air at that line (Pp = Pgy4c). Furthermore, because
the heights of point A and point B are the same, the flow velocity V can be solved by

Equation (3).
Vo, \/Z(PA —Py) _ \/ZAP o
p p

In practical measurements, viscosity affects the state of motion of the air. It will cause
vF L/ % to not be established strictly. A correction factor K needs to be introduced to
correct the actual wind velocity, as shown in Equation (4).

2AP
=K,/ == 4
v 1/ ; 4)

Based on this principle, as shown in Figure 9, four tubes are set orthogonal to each
other in a two-dimensional plane. Combining orthogonal decomposition principles, they
can measure the velocity and angle of the airflow from any direction in the plane.
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Figure 9. Wind measurement model based on Bernoulli’s equation in two dimensions.

Figure 9 represents the relationship between the two-dimensional wind measurement
model and the incoming flow. The angle between tubes A, B, C, and D is 90°. Let the angle
bisector between tube A and tube C be the Y-axis to establish a coordinate system. In this
system, as shown by Equations (5)—(7), the vector sum of the airflow velocities in the AB
and CD directions is the incoming velocities V.

2(P4 — Pp)

Vap =K
p

©)

2(Pc — Pp)
I

V=/Vig+ V3 )

Angle a between V and the Y-axis is shown in Equation (8).

Vep =K (6)

arctan ( X2 ) — 45°, Vag >0,Vep >0

Vag

arctan % +45°, Vup<0,Vep >0

arctan %g +135°, Vap <0,Vep <0

a = arctan % +225°, Vup>0,Vep <0 (8)

45°, Vag=0,Vcp >0
135°, Vap <0,Vep =0
225°, Vag=0,Vep <0
315°, Vag > 0,Vep =

3.2. Attitude—Wind Velocity Correction Algorithm

Assuming that the multi-rotor UAV is a rigid body, the wind velocity measured by the
model in Section 3.1 is the speed of the UAV to the surrounding airflow. It is a vector sum
of the natural wind velocity with the flight speed of the UAV, which can not truly reflect
the natural wind velocity. At the same time, the coordinate system defined by the model is
parallel to the plane of the UAV. The UAV will generate pitch and roll angles to maintain a
stable attitude during flight. As a result, the wind velocity and direction measured by the
model are only relative to the airframe coordinate system (ACS) of the UAV and deviate
from the macroscopic geographical coordinate system (GCS). To determine the movement
of the wind in the GCS, it is necessary to establish a kinematic equation and to correct the
wind measurement model.

As shown in Figure 10, ACS (OXpYpZp) and GCS (OX5Y5Z) are defined to describe
the UAV attitude.
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Figure 10. Relationship between the ACS and GCS.

Define the UAV’s barycenter as the origin O. In OXpYpZp , the Xp direction is aligned
with the axis of symmetry of the body. Vertical Xp in the UAV’s symmetry plane is the
Zp, and vertical Yp in the OXpZp plane points to the right of the airframe. The Z; axis
lies in the airframe of the lead hammer and is perpendicular to Xs. X is the projection
of Xp on an airframe parallel to the ground and past the O. Define the Z; axis that lies
in the airframe of the lead hammer and that is perpendicular to Xg. The pitch angle
(9) is the angle between the longitudinal axis of the airframe and the ground, which is
between X0 and XpOY;. Similarly, the angle between the horizontal axis and the ground
is the roll angle (@) and is represented in the coordinate system as the angle between OYp
and XG OYG

Usually, mapping of the free vector from the GCS to ACS can be accomplished by
creating a rotation matrix R, whose expression is:

cos® 0 sin 0
R(®)=| —sinfsing cos¢ cosfsing )
—sinfcosp —sing cosBOcos¢@

Since the inverse of the rotation matrix is its transpose, mapping of the velocity vector
from OXpYpZp to OX;YsZ can be expressed as:

Ve =R(©)Tvp (10)

Substituting Equations (5) and (6) into Equation (10) gives the projections of V g and
VCD in OXGYGZG:

cos (%) Vg, ap V2 cos 0 + sin § sin ¢
VGap =R(©)"| —sin(§)Vpap | = Vpas —Ccos ¢ (11)

2 sin ) — cos 0 sin ¢

0
. CQS(%)VB,CD N cos 0 — sin fsin ¢
Vgep = R(©)"| sin(§)Veep | = 5 Vaep cos ¢ (12)
0

2 sin 0 + cos 0 sin ¢

Assuming that the UAV flight speed is Vyay = (x vy =z )T, to avoid the sen-
sor being affected by the UAV airspeed, the real wind (Vg) velocity needs to be cal-
culated by subtracting the airspeed from the measured wind velocity. As shown in
Equations (13) and (14):

Vras = Vgas — Vuav (13)
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Vrcp = Vgep — Vuav (14)

In the above equations, Vr demonstrates the actual components of wind velocity in
the GCS. In the meteorological detection field, we are generally more focused on the lateral
velocity of the wind; the component of the wind velocity on the Z-axis can be ignored. At
this point, the surface wind velocity V,, can be obtained by combining Equations (7), (13)
and (14). As shown in Equation (15):

Xw
Vw=| Yw | =Vras+ VrcD (15)
0

Combining Equations (8) and (15) will obtain the angle between wind velocity and
OXG in OXGYGZG:
arctan z—zi), X >0,y >0

arctan(yl +90°, xu <0,y >0

Xw

arctan Z—Z +180°, xyp <0,y <0

n = arctan z—z +270°, x4 >0,y0w <0 (16)
OO, Xw > 0, yw = 0
900, X‘wzo,yw>0
180°, Xw <0,yw =0
270°, X =0,y <0

4. WPOD Anemometer

In this section, we design a novel anemometer based on the spatial structure of the
WTZ (zone C) and the WPOD principle.

4.1. WPOD Anemometer Construction

This paper uses four rigid tubes of 100 mm length, 2 mm inner diameter, 4 mm
outer diameter, and 1 mm wall thickness to capture wind pressure in the incoming flow,
collectively referred to as the pressure-sensitive chamber (PSC). To further reduce the
turbulence interference with the wind measurement, a hemispherical shell fairing with a
diameter of 66 mm and a wall thickness of 2.5 mm is installed around the opening of the
PSC. The bottom of the fairing has a 25 mm radius opening through which the PSC passes.
This opening is used to reduce the wind resistance caused by the incoming flow being
blocked by the fairing. We refer to the set of PSC and the fairing as the wind measurement
unit (WMN), as shown in Figure 11.

\ 25mm
4mm 2mm
i E—, Imm jmm
/
h 100mm >
(a) The wind measurement unit model. (b) The measurement unit model detailed.

Figure 11. The measurement unit.
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Four sets of WMUs are made from PLA by 3D printing and are mounted at 90° to each
other around the quadrotor UAV, as shown in Figure 12. Based on the analysis of zone C
in Section 2, we set the relationship between the WMUSs and the UAYV as follows: (1) the
vertical distance between each WMU and the paddle is 55 mm; (2) the horizontal distance
between the WMU and the UAV arm is 145 mm. Since the four WMS are deployed in an
orthogonal arrangement, there must be one or two WMS units in the incoming flow during
the UAV flight in any direction of the wind. In this case, using the WPOD model, the
wind velocity and direction can be inverse performed from the wind pressure difference in
the WMUs.

There are two SDP810 sensors that are used to measure the wind pressure difference.
They receive the air pressure from PSCs through a set of silicone hoses. The SDP810 weighs
6 g, operates at 3.3 V, has a range of —125~+125 pa, can withstand a maximum pressure of
2 kpa, has a response time of less than 5 ms, and supports the IIC protocol to output data
with a resolution of 16 bits to the main control unit (MCU). The WPOD model shows that
the SDP810-based anemometer can provide a wind measurement range of 0~20 m/s, a
wind measurement resolution of 0.07 m/s, and a maximum operating wind measurement
speed of 57 m/s. These parameters are able to meet the requirements of wind measurement
tasks in general environments.

We chose the STM32F103C8T6 as the MCU for the WPOD anemometer. It will drive
the SPD810 to acquire the raw wind pressure data with a sampling frequency of 200 Hz.
At the same time, the MCU will read the flight attitude from the UAV’s flight control in
real time through serial communication. Finally, it calculates the real-time wind velocity
and direction and transmits the data back to the ground through a 2.4 GHz wireless
transmission model.

' A

&
da

Figure 12. Position of the wind measurement unit in relation to the airframe.

4.2. WMU Performance Verification and Calibration

As seen from Section 3.1, K is an essential parameter in the WPOD method, which
directly relates to wind measurement accuracy. We also use meshing and fluent on the
Ansys platform to simulate and analyze the values of K. At this point, the total number of
meshes is 2.2 million, the maximum skewness is 0.48, the minimum element quality is 0.42,
and the minimum orthogonal quality is 0.38. The boundary conditions and turbulence
model in the simulation are consistent with those in Section 2.

We measured the correction coefficients of WMUs by a set of validation experiments.
Four WMUs were placed in a speed gradient field of 0-10 m/s at 15° intervals, and the
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pressure changes inside the PSCs were measured as shown in Figure 13. The performance
of the WPOD model was verified by inverting the prevailing wind velocity based on the
pressure difference. The results are shown in Figure 14.

Figure 14 shows that when the wind direction is not 45°, the inversion results by
WMU are linearly related to the standard wind velocities. In this way, we can determine
the ratio of standard wind velocity to measured wind velocity as a constant, i.e., K = 0.68.
Combined with Figure 13a—c, it can be considered that there is no evident correlation
between K and the windward angle.

A special phenomenon occurs when the wind direction is 45°. Since the WMUs on the
leeward side are in the wake turbulence of the windward side, the wind velocity around
the leeward WMUs decreases sharply, and its internal static pressure increases, which leads
to a significant change in the slope of the 45°, at which K = 0.84.

However, since the quadrotor UAV is a mobile platform, the deviation caused by
this particular angle value can be ignored. When setting K = 0.68, there is a deviation of
the measured wind velocity from the standard wind velocity at each windward angle, as
shown in Table 2.
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Figure 13. Velocity nephograms at different incidences of the WMU when the incoming velocity is
5m/s.

Table 2. Wind velocity deviation of the WMUs.

0° 15° 30°

RMSE 0.10 0.07 0.09
MAE 0.03 0.02 0.03
R? 0.99 0.99 0.99

After correction, the measurement results for the WMUSs are as follows: root mean
squared error (RMSE) is less than 0.1 m/s, coefficient of determination (R?) is 0.99, and the
mean absolute error (MAE) is less than 0.03 m/s. Therefore, this experiment proves that
the measured values of WMUs based on WPOD theory have a minimal deviation from the
standard, and K is able to correct its wind measurement results effectively.
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Figure 14. Relationship between incoming flow velocity and inversion velocity in different states.

5. Field Experiment and Analysis

We developed two sets of experiments based on the flight status of the UAV: wind
measurement experiments while the UAV is hovering and while it is moving. They were
conducted at 12:00 on 26 January 2021 and at 19:00 on 27 January 2021. In the experiment,
standard data were measured by a wind cup fixed at 10 m from the ground. The indicators
of the wind cup are as follows: 1200 Hz sampling frequency, measurement span 0-50 m/s
and 0-359°, and accuracy of £0.03 m/s and +1.5°. The experimental site was Nanjing
University of Information Technology Jiangsu (32°12'20.41" N, 118°42'18.29" E, average
altitude 22 m).

A high-lift quadcopter UAV platform was built to carry the WPOD anemometry
system, with the detailed configuration shown in Table 3. The complete wind measurement
system is shown in Figure 15.

Pressure difference
sensor SDP810

2.4 GHz wireless
I transmission model

Ny

Figure 15. WPOD anemometry system and its various components.

Table 3. Parameters of the quadcopter UAV.

Category Frame  Control System Blade Electronic Speed Controller Motor
Parameters DJIF450  Pixhawk 2.8.4 9450 Blade*4 X-rotor 20A *4 DIJ 2312S Brushless motor
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5.1. Hovering Wind Measurement Experiment

The UAV hovered at a height of 10 m, 35 m from the wind cup (yellow dot in Figure 16).
After the UAV’s flight status stabilized, the system returned wind velocity and direction
data. The results of the comparison with the wind cup are shown in Figure 17.

L o

Wind cup

UAYV hovering .

position

Figure 16. Hovering wind measurement experiment scenario.

Figure 17a demonstrates that the wind velocity values measured by the system are
generally higher than the wind cup, with an MAE of 0.26 m/s and RMSE of 0.31 m/s. The
wind velocity error was less than 0.3 m/s at over 91.8% of the sampling points.
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(a) Wind velocity measurement results. (b) Wind direction measurement results.

Figure 17. Wind measurement results of the system in hovering condition.

In the experiment, the hovering UAV would drift at 2-3 m per minute, perhaps induced
by insufficient GPS positioning accuracy. We performed manual position correction at
12:06:00, 12:14:00, and 12:23:00 to prevent the UAV from drifting too far or from colliding
with other obstacles. The UAV’s flight speed sudden changes may have contributed to the
significant measurement error at these moments. At 12:14:00, the UAV had a low battery
alarm and was then landed and to replace the battery. The system did not update the
anomaly data during the landing and take-off to facilitate data processing.

Figure 17b shows the wind direction measurement results of the WPOD anemometry
system. It had an MAE of 1.73° and RMSE of 2.20°. Apart from the few anomalies analyzed
above, the direction error remained below 2°.
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5.2. Moving Wind Measurement Experiment

In the moving wind measurement experiment, we controlled the quadrotor UAV
through the UAV ground station (Mission Planner) to travel in a 60 x 20 m rectangular
path at a speed of 2 m/s. It is shown in Figure 18.

Flight path

wh=

(R

Figure 18. Moving wind measurement experiment scenario.

As shown in Figure 19, the accuracy of the WPOD anemometer is significantly lower in
the traveling state than during hovering, with am MAE of 0.68 m/s and RMSE of 0.73 m/s.
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(a) Wind velocity measurement results. (b) Wind direction measurement results.

Figure 19. Wind measurement results of the system in moving condition.

In Figure 18, @, @, ®, and (@ are the corners of the rectangular path. The UAV speed
should have reduced to 0 m/s and turned 90° when it reached these four corners. However,
during the trial, the UAV was unable to halt directly and precisely at the inflection point
due to the limitations of GPS or flight control positioning accuracy. The UAV performed
a series of maneuvers to finish the turning procedure. This caused drastic changes in the
pressure and attitude of the WPOD anemometry system, which hurt the wind measurement.
Meanwhile, during the steering of the UAV around the Zp axis, centrifugal force can change
the pressure inside the pressure-sensitive chamber, which also causes measurement errors.
In Figure 19a, the sudden increase in wind speed at 19:04:30, 19:06:00 p.m., 19:06:30, 19:08:00,
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19:12:00, 19:12:30, and 19:16:00 should all be caused by UAV steering. Excluding these
steering points, the absolute wind speed error remained within 0.7 m/s. The MAE of the
wind angle measured by the WPOD anemometry system was 4.9°, the RMSE was 6.5°, and
the correlation coefficient was 0.89. Figure 19b also shows that the angle’s absolute error
was less than 5°, except for the outliers located at the four inflection points. Considering
that the experimental platform was in motion, these results are satisfactory overall.

6. Discussion

In this study, we proposed a WPOD wind measurement method for multi-rotor UAVs.
We analyzed the flow field of a quadrotor UAV and identified a WTZ. Mounting the
wind sensor will effectively circumvent the rotor turbulence. We designed an orthogonal
structure of the wind meter based on the WPOD principle and corrected its pressure
coefficient. We compared the performance of the WPOD anemometer with a standard
anemometer in hovering and moving conditions.

Our results indicate that the RMSE of the system is 0.31 m/s and 2.2° under hovering
conditions and 0.73 m/s and 6.5° under moving conditions; the MAE of the system is
0.26 m/s and 1.73° under hovering conditions and 0.68 m/s and 4.9° under moving
conditions. Compared with the existing quadrotor UAV wind measurement equipment (as
shown in the Table 4), the results are satisfactory.

Table 4. Comparison with existing quadrotor UAV wind measurement equipment.

Accuracy (RMSE)
Wind Sensor
Speed (m/s) Direction ()
. 0.27-0.67 m/s 25°-56°
DS-22D ultrasonic anemometer [30] Under wind speed 1-5 m/s. Under wind speed 1-5 m/s.
. . .. . 1.13m/s 133.36°
Tri-Sonica Mini 2D ultrasonic anemometer [20] Under wind speed 6.75 m/s. Under wind speed 6.75 m/s.
. 0.6 m/s 12.0°
FT702 2D ultrasonic anemometer [33] Under wind speed 11.0 m/s. Under wind speed 11.0 m/s.
Young Model 81000 ultrasonic anemometer [33] 1.85m/s 113.67°
Tri-Sonica Mini [33] 1.08 m/s 87.05°
WPOD (this article) 0.31m/s ¥n hove.rmg p0.51.t10n 2.20O ¥n hove.rmg p0.51.t10n
0.73 m/s in moving position 6.50° in moving position

These findings demonstrate that the WPOD method is a novel and effective way to
measure wind under a small spatial-temporal scale. It can overcome some of the limitations
of existing methods, such as large sensor size, high installation complexity, low spatial
resolution, and high deployment cost. The WPOD anemometer can be used as a platform
for carrying wind measurement devices on multi-rotor UAVs, which can improve the
spatial and temporal resolution of wind measurement in the ABL.

However, there are some limitations of this study that need to be addressed. First, we
only tested the WPOD anemometer on a quadrotor UAV with a specific size and config-
uration. The applicability of this method to other types of multi-rotor UAVs or different
environmental conditions remains to be verified. Second, the anemometer performance is
heavily reliant on the UAV’s steady flying. The performance of the WPOD anemometer
in complex scenarios may be affected by factors such as airflow separation, turbulence
intensity, or ground effect. Third, as the WPOD theory is based on a 2D plane, it may not
be possible to effectively measure the wind speed and direction in the vertical direction.
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7. Conclusions

This article proposes a WPOD anemometer to achieve accurate wind measurement
on a quadrotor UAV platform. Based on CFD, we found a WTZ around the UAV, which
is more suitable for mounting wind measurement devices. Then, the WPOD model was
proposed to allow for wind measurement in the special shape of the WTZ. The method
was based on Bernoulli’s equation, which can invert the wind speed and direction from
the wind pressure around the UAV. Finally, we designed a WPOD anemometry system
and verified its performance through two comparison experiments. When the UAV was
hovering, the wind velocity error was £0.3 m/s, and the direction error was +2°; with the
UAYV moving, the velocity error was £0.7 m/s, and the direction error was £5°.

The combination of anemometers and multi-rotor UAVs can compensate for the
current blind spot in wind measurement at low altitudes, which will effectively improve
the spatial and temporal resolution of wind measurements. This paper presented a wind
measurement strategy for multi-rotor UAV platforms, which can be predicted to be widely
used in weather forecasting and aviation security tasks when they mature, pointing to a
new direction for weather detection.

The next step in our research will present attitude compensation algorithms by exam-
ining the link between UAV flying attitude and wind measurement accuracy. Addition-
ally, we will conduct more research on the WPOD anemometer’s performance in a large
wind tunnel.
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