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Abstract: The strong airflow beneath a rotary drone generates a wind vortex within the rice canopy;
precise control of the wind vortex distance and wind vortex area can improve pesticide utilization
efficiency. This paper calculates the flight parameter curve based on the wind vortex target from the
wind vortex target parameter control model of the four-rotor plant protection drone, designs a flight
control system using a Cube Orange flight controller and a Jetson AGX Xavier onboard computer,
and implements flight parameter control using both PID control and fuzzy control algorithms.
Experimental results indicate that when using PID control and fuzzy control, the average deviation
values of UAV flight altitude and speed are 0.08 m, 0.08 m/s, 0.06 m, and 0.08 m/s, respectively.
When using PID control, the average distance and area errors of the target downwind and upwind
are 0.17 m and 0.37 m? and 0.20 m and 0.46 m?, respectively. The corresponding values for fuzzy
control are 0.12 m, 0.38 m2, 0.09 m, and 0.31 m2. In the twelve voyage experiments, the target
parameter variance using fuzzy control was relatively smaller for eight voyages compared to PID
control, which had a smaller variance for four voyages. On the whole, the effect of fuzzy control
is superior. The wind vortex control method proposed in this paper can effectively enable precise
pesticide spraying by drones. This has significant implications for reducing agricultural production
costs and safeguarding the natural environment.

Keywords: UAV; wind vortex parameters; flight parameters; control model; target control

1. Introduction

Pest and disease control are of paramount importance in rice production. A primary
method of controlling pests and diseases involves the application of pesticides at various
stages of rice growth. Multi-rotor plant protection drones, employed in spraying opera-
tions, demonstrate high efficiency, rapid operation speed, and effective prevention and
control responses to sudden and explosive outbreaks of diseases and pests [1-3]. During
a multi-rotor drone’s flight, a strong downwash airflow is generated beneath the rotor,
which is a unique feature of plant protection drones compared to ground machinery. This
characteristic significantly enhances the deposition and penetration of pesticide droplets
on the rice canopy [4-7]. The downwash airflow will “stir” the flexible crops, causing
them to deform to varying degrees. The deformed crop canopy forms a wind vortex, the
range of which represents the action range of the rotor airflow when it reaches the rice
canopy. Indirectly, this represents the deposition area of pesticide droplets in the airflow
over the rice [8,9]. The mechanical characteristics of the rice plant, in conjunction with the
force exerted by the wind, collectively determine the state of the wind vortex. When the
mechanical characteristics of the rice remain relatively stable, factors such as rotor airflow
primarily influence wind vortex parameters. The flight parameters of a UAV, including
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altitude and speed, can modify the rotor airflow pattern. This, in turn, affects wind vortex
parameters and ultimately influences the deposition area of pesticide droplets [10,11].

In recent years, numerous scholars have conducted comprehensive research on the
motion law of rotor downwash airflow, the deposition laws of droplets under airflow
influence, and the impact of wind vortices on droplet penetration [12-17]. Yang et al.
studied the influence of the downwash airflow of UAVs on the spray amplitude through
fluid simulation and actual testing. The results showed that the velocity difference in the
downwash airflow from the center to the outside can increase the spray amplitude, which is
proportional to the flight height of the UAV, providing a reference basis for the design of the
UAV spray system and the selection of aviation plant protection operation parameters [18].
Martin et al. conducted a study on the effective spray range of UAVs at different altitudes
and speeds, and the results showed that flight speed had no effect on the spray range
of MG-1 drones, and the maximum spray range was observed at altitudes of 2 m and
3 m [19]. Richardson et al. investigated the factors influencing the droplet deposition effect
and found that the distribution of droplet deposition was affected by wind speed, nozzle
position, spraying height, and droplet size. Accurate spraying by drones has not yet been
achieved [20]. Tian et al. investigated the impact of plant protection drone downwash
airflow on crop canopies, establishing a linear relationship between wind vortex lag distance
and flight speed at a flight altitude of 2 m. They observed that a specific flight speed can
effectively enhance the penetration of droplets; however, excessively high speeds may
induce wind vortex instability, exacerbating pesticide drift and hindering effective pesticide
droplet deposition. This research demonstrates that drone flight parameters markedly
influence wind vortex parameters, subsequently impacting the dispersion of pesticides [21].
To obtain the corresponding relationship between wind vortices and flight parameters
and control the effect of pesticide spraying, our team members carried out unmanned
aerial vehicle (UAV) flight experiments in the field. Wind vortices were generated in the
rice canopy by downwash airflow, and the parameters of wind vortices were obtained
by identifying wind-vortex images using the inter-frame difference method. The wind
vortex parameter control model was established, which can calculate the altitude and speed
of the UAV when applying pesticide according to the target wind-vortex parameter [22].
Although these studies have analyzed the relationship between flight parameters and
wind vortices, they have not controlled the flight parameters of drones to change the wind
vortex parameters.

This paper analyzes the wind vortex characteristic-flight parameter control model of a
multi-rotor UAV in rice spraying operations based on the previous work and constructs a
high-performance and programmable flight control platform. Based on the wind vortex-
flight parameter model, flight parameters are adjusted through control algorithms to
fine-tune the wind vortex parameters, including wind vortex distance and wind vortex
area, to precisely control the wind vortex. This work lays the groundwork for accurately
spraying pesticides on rice using drones.

2. Materials and Methods
2.1. Rice Wind Vortex-Flight Parameter Model

The plant protection drone rice wind vortex-flight parameter acquisition system uses
an E410 plant protection UAV (Hefei Yifeite Electronic Technology Co., Ltd., Hefei, China) to
generate a rice field wind vortex while using a Mavic 2 aerial photography UAV (Shenzhen
DJI Technology Co., Ltd. Shenzhen, China) to capture wind vortex images. Through image
data, the parameters of rice wind vortices will be obtained. The flight parameters of the
plant protection drone are collected using a high-precision Beidou differential positioning
system with a K705 board (Shanghai Sinan Satellite Navigation Technology Co., Ltd.,
Shanghai, China). The natural wind speed, direction, temperature, and humidity, which
may affect the experimental results, are obtained from a Kestrel 5500 mini weather station.
A wireless connection between the drone and the ground control station is established using
the Microhard P900 ground-air integrated data transmission module (Hunan AVIC Yiyun
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Technology Co., Ltd., Changsha, China). Data on the drone’s flight status is transmitted to
the Mission Planner ground station via a Microhard P900, and the ground station receives
real-time information on drone speed, position, battery voltage, flight attitude, satellite
status, etc. [22].

Treating the wind vortex as a target for pesticide spraying and controlling the target
can help improve the accuracy of pesticide spraying. The parameters that delineate the
morphology of a wind vortex primarily encompass its distance and area.

The “wind vortex distance” pertains to the horizontal relative position between the
center position of the wind vortex and the drone. Typically, the wind vortex forms be-
hind the drone’s forward direction, making the wind vortex distance crucial for accurate
pesticide spraying. An exploration into the correlation between this distance and flight
parameters is instrumental in controlling the spraying position. The “wind vortex area” de-
notes the size of the region where the downwash airflow significantly rocks the rice canopy.
When modeling, the wind vortex area is accurately obtained through image processing.
The wind vortex area controlled by adjusting flight parameters can be considered a circular
area centered on the center of the wind vortex. The larger the wind vortex area, the more
dispersed the airflow, leading to a larger deposition range of pesticide droplets. As a result,
the spraying density of pesticides becomes lower. Conversely, the smaller the wind vortex
area, the more concentrated the airflow, resulting in a smaller distribution range of droplets
and a higher spraying density of pesticides at this time.

We have established the relationship function model between flight parameters (flight
speed v, flight altitude /1) and wind vortex target parameters in our preliminary work and
verified the accuracy of the model [22]. This model is responsible for calculating the forward
process from flight parameters to wind vortex target parameters. In order to effectively
control the wind vortex target, it is imperative to accurately determine the flight parameters
that correspond with the wind vortex target parameters. This involves executing the reverse
process of converting wind vortex target parameters into flight parameters.

By defining the functions of wind vortex distance and wind vortex area as Fp(h,v) and
Fs(h,v), respectively, and assigning the parameter values for these two wind vortex targets
as Dy and S, respectively, the following equation system can be obtained:

DO = FD (l’l, T))
{ So = Fs(h,0) &

Equation (1) presents two equations with two variables, namely flight altitude & and
flight speed v. Consequently, when the parameters under control are wind vortex distance
and wind vortex area, the fixed flight altitude and speed necessary for controlling these
two parameters can be derived from Equation (1). The drone is required to maintain a
consistent altitude and speed. In scenarios where only one target parameter is manipulated,
it is assumed that this parameter is the wind vortex distance. The equation is then derived
from the relationship function of wind vortex distance Fp(h,v). When the wind vortex
distance is defined as D, the implicit function representing the relationship between height
and speed can be articulated as follows:

h = Fp (Do, v) 2)

Equation (2) demonstrates that the flight altitude changes with the flight speed, and
it is imperative that the flight parameters satisfy the conditions of the implicit function to
ensure that the designated single wind vortex target parameters remain unchanged.

Based on the flight parameter-wind vortex parameter function model, some parameter
curves are derived as reference data for studying control methods and model curves for
verifying control effects. Firstly, the range of wind vortex parameters is calculated according
to the domain definition of each model function. Within the value range, three parameter
values are set at equal intervals. Correspondingly, three curves are generated for each
model function to study control methods and verify wind vortex control effects. Taking the
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wind vortex distance function model under adverse wind conditions as an example, due to
the previous experimental results indicating that when the flight speed reaches 3.5 m/s
or the flight altitude reaches 3.5 m, the downwash airflow can hardly generate a wind
vortex when it reaches the rice canopy. Therefore, the maximum flight speed and altitude
set in this paper and in the previous paper are 3.5 m/s and 3.5 m, respectively. In the test,
36 groups of flight parameters were set according to the flight altitude and speed, and then
we obtained a range of wind vortex distance between 0 and 7.25 m (as shown in Figure 7 of
reference [22]). We selected three equidistant distances (2.35 m, 3.62 m, and 4.90 m) in the
middle section as representatives to verify the control effectiveness of the control algorithm.
These three equally spaced horizontal surfaces intersect with the model function surface to
obtain three curves, as shown in Figure 1.
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Figure 1. Target parameter curves.

Under downwind and upwind conditions, with the wind vortex distance and wind
vortex area as control targets, The analysis focused on target flight parameter curves with
downwind distances of —1.06 m, —0.06 m, and 0.94 m, downwind areas of 10.25 m?,
12.69 m2, and 15.12 m?, upwind distances of 2.35 m, 3.62 m, and 4.90 m, and upwind areas
of 4.27 m?, 8.57 m?, and 12.86 m?, as shown in Figure 2. A total of 12 flight parameter curves
are examined, each constraining the drone’s altitude and speed based on the environmental
wind direction and wind vortex target parameters. This paper will explore the control of
UAV flight parameters using these 12 flight parameter curves as objectives.
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Figure 2. Target flight parameter curve.

2.2. UAV Flight Control System and Simulation System

Controlling the wind vortex parameters requires ensuring that the flight altitude and
speed of the UAV meet the requirements of the function curve. This paper uses an external
auxiliary airborne computer to control the UAV’s flight [23]. The airborne computer is an
NVIDIA Jetson AGX Xavier high-performance computer. The computer uses the Robot
Operating System for computing and message transmission [24]. The “Control_node” in
the ROS is the automatic control algorithm node developed in this paper. The acceleration,
speed, and position control commands are converted into MavLink protocol information
through the “MAVROS” node [25,26] and communicate with the drone flight controller
Cube Orange, which is paired with the Ardupilot flight controller firmware to achieve
corresponding flight control. The ground station receives the UAV’s flight mode, flight
position, and other flight data in real time. The basic framework diagram of the entire
control system is shown in Figure 3.

To study the effect of autonomous control of flight parameters, a software-in-the-loop
(SITL) simulation system with Ardupilot firmware was built using Gazebo simulation soft-
ware (https://gazebosim.org/home). The system uses the aircraft’s flight dynamics model
to simulate the physical environment related to the movement of the aircraft. The simulation
system runs on a virtual machine running Ubuntu 18.04 using VMware Workstation 16 Pro
virtualization software. A quadcopter drone using Ardupilot (https://ardupilot.org/) is
simulated in the simulation software, and the drone establishes communication with the
ROS system through MavLink.
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Figure 3. Framework diagram of the entire control system.

2.3. Simulation of UAV Flight Parameter Control
2.3.1. PID Controller

The proportional integral derivative (PID) controller is employed to regulate the flight
parameters of the UAV and indirectly manipulate the parameters of the wind vortex targets.
The PID controller’s workflow is depicted in Figure 4.

Controller input Controller output
input ¢ output
Controlled object >

K, J; et)dt

de (1)
P dt

PID Controller

K

} Feedback element Fi

Figure 4. PID controller workflow.

The discrete representation of the control algorithm can be expressed as the following
equation:
u(k) = Kpe(k) + KIZe(k)+KD(e(k) —e(k—1)) (3)

In Equation (3), e represents the system error, while Kp, Kj, and Kp denote the proportional
coefficient, integral coefficient, and differential coefficient, respectively. The efficacy of the
control system is contingent upon the tuning of these coefficients.

For effective drone flight control, it is imperative that the drone’s flight parameters
align with the target flight parameter curve model. An online software simulation is
conducted utilizing the target curve, which is characterized by the most extensive speed
range. Specifically, this involved a parameter curve with a wind vortex distance of 3.62 m
under upwind conditions. The drone’s speed range spans from 1 m/s to 3.5 m/s, and
its uniform acceleration time is 10 s. To evaluate the efficacy of the control, the distance
between the instantaneous height and speed data points and the model curve serve as the
primary evaluation metrics for the control effect. The equation is:

o - Zic1ldil
i

4)

In Equation (4), d; represents the distance between each point of flight result instantaneous
data and model curve, and e denotes the average error.

Through the software loop simulation, the optimal parameter value is sought. Initially,
both the differential and integral terms are set to zero, and the optimal Kp value is identified.
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Controller Input

The range of Kp values is set from 0.1 to 5 in increments of 0.1, with each value used in the
software loop simulation to calculate the average error. A minimum error value of 0.020 is
achieved when Kp equals 3.5. We then set Kp to 3.5 and proceeded with this step to identify
the optimal values for Kp and Kj sequentially. When Kp and K; are, respectively, set to 0.1
and 0, a minimal error of 0.011 is obtained. The results of the simulation are presented in
Figure 5.
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Figure 5. Simulation effect of PID control optimal parameters.

2.3.2. Fuzzy Controller

A fuzzy controller is also used to autonomously adjust the UAV flight parameters.
The structural diagram of the fuzzy controller is shown in Figure 6.

fuzzy . . Controlled Controller Oll tput
y Defuzzification . >
reasoning object

Knowledge base

Fuzzification

Figure 6. Structural diagram of the fuzzy controller.

Utilizing the height differential between the drone’s instantaneous altitude and the
model curve’s height, along with the rate of change in this differential, we establish a
dual-input, single-output fuzzy controller. The controller uses vertical speed as its output
parameter. We categorize the input and output parameters into five fuzzy sets: positive
large, positive small, zero, negative small, and negative large, represented as PB, PS, O, NS,
and NB, respectively. For defuzzification, we employ the triangle membership function in
conjunction with the centroid method. The fuzzy rules are delineated in Table 1.

Table 1. Fuzzy control rule.

PB PS (@) NS NB

PB NB NB NB @) @)
PS NB NS NS PS PS
@) NS NS (@) PS PS
NS NS NS PS PS PB

NB @) @) PB PB PB




Agriculture 2024, 14, 1413

8 of 17

m)

2
n
T

Altitude (

[

The smaller the input domain setting, the more sensitive the system’s response to
input; the smaller the output domain setting, the smaller the system’s output. The software
in-the-loop simulation uses a parameter curve with a wind vortex distance of 3.62 m
under upwind conditions. The output domain range is set from [—0.1,0.1] to [-2,2], and
every interval of 0.1 in the domain range is simulated. When the domain is [-0.8,0.8],
the minimum average error obtained is 0.023. Using this method, flight tests are then
conducted sequentially on the altitude difference domain and the altitude difference change
rate domain. Finally, the minimum average error obtained at the altitude difference domain
is [-0.3,0.3] and altitude difference change rate domain is [-0.6,0.6] is 0.011. The results of
the flight parameter control are shown in Figure 7. As can be seen from Figure 7, changes in
flight parameters essentially follow the model curve, and good control effects are achieved
under this model curve.
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Figure 7. Simulation effect of fuzzy control optimal parameters.

The control effects of both the PID and fuzzy control algorithms are fundamentally
identical. To confirm the efficacy of these algorithms on UAVs, further real-world flight
tests will be undertaken.

3. Results and Discussions
3.1. Experimental Results of UAV Flight Control

During the autonomous flight of a UAV, the flight altitude and speed are controlled by
either a PID controller or a fuzzy controller, utilizing three-dimensional velocity commands
based on real-time feedback information. The control wind vortex target area of 4.29 m?
under upwind conditions was selected to obtain the flight parameter curve. The control
effects of both PID and fuzzy controllers on these flight parameters were analyzed, as
depicted in Figure 8 and Figure 9, respectively.

Figures 8 and 9 show that the horizontal speed command of the drone during au-
tonomous flight basically overlaps the model’s horizontal speed, and the change in the
horizontal speed command over time is basically a straight line, indicating that the hori-
zontal speed command basically conforms to the law of uniform acceleration, which can
ensure the uniformity of the drone’s acceleration. The vertical speed command is output by
the controller. Figures 8 and 9 also show that the vertical speed command can automatically
adjust according to the height change in the drone. The direction of the speed command
is opposite to the direction of the height difference, indicating that the controller tends to
reduce the height difference. The PID controller in this paper mainly relies on proportional
parameter adjustment. Figure 8 shows that the vertical speed command mainly follows the
change in height deviation, and the error change rate has little impact on the vertical speed
command. The height difference and height difference changes in the fuzzy controller
have a significant impact on the output of the controller. It can be seen from Figure 9
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that the vertical speed command changes at adjacent times have a large span and can
effectively reduce overshoot. There are fluctuations and errors in both flight altitude and
flight speed, resulting in deviations between the actual flight parameters and the model
curve parameters. We calculate the altitude and speed differences at each time for average
processing. The equation is:
i=117il
i

e =

©)

In Equation (5), r; is the difference between the flight parameters (altitude or speed) and
the model parameters at that time, and i is the total number of data points. The altitude
and speed deviations for each cruise are shown in Table 2.

PID-Upwind-Target area 4.29m?

3s- PID-Upwind-Targqt area 4.29m’

’é 25 Y R Model horizontal speed (m/s)
~ Actual horizontal speed(m/s)
% Horizontal speed command (m/s)
E] 1.5 H Model altitude (m)
= Actual altitude (m)
< 27 1 Vertical speed cc d(m/s)
0.5
1.5F 0
Experiment results o5t
"""" Model parameter
1 . n n . ) . . . . .
1 1.5 2 2.5 3 35 6 8 10 12 14
Speed (m/s) Time (s)

Figure 8. Flight effect of PID control-upwind-target area 4.29 m?.

Fuzzy control-Upwind-Target area 4.29m’
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: 2r :
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_g 15k Actual horizontal speed(m/s)
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"""" Model parameter
1 L n n . ; 1 L ;
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Figure 9. Flight effect of fuzzy control-upwind-target area 4.29 m?.

From Table 2, it can be seen that the effects of PID control and fuzzy control are not
significantly different. The deviation of height control in fuzzy control is smaller than
that of speed control, mainly because the horizontal speed control method in this control
system is open-loop control, and the horizontal speed command is proportional to time.
However, height control uses closed-loop control, which will be adjusted based on real-time
speed feedback.
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Table 2. Comparison of height deviation and speed deviation between two control methods.

PID Control Fuzzy Control
Wind Direction Target "l\";arlget Height Sp.eef:l Height Sp.ee(.zl
ae Deviation (m) Deviation Deviation (m) Deviation
(m/s) (m/s)
15.12 0.07 0.04 0.11 0.06
Area (m?) 12.69 0.07 0.06 0.09 0.14
. 10.25 0.05 0.08 0.05 0.10
Downwind 0.94 0.14 0.13 0.04 0.04
Distance (m) —0.06 0.04 0.06 0.04 0.04
—1.06 0.04 0.05 0.03 0.05
12.86 0.08 0.08 0.03 0.13
Area (m?) 8.57 0.07 0.09 0.05 0.06
Upwind 4.29 0.05 0.10 0.09 0.18
4.90 0.22 0.05 0.04 0.05
Distance (m) 3.65 0.07 0.07 0.07 0.07
2.35 0.04 0.19 0.03 0.10
Average 0.08 0.08 0.06 0.08

The above analysis conclusions were obtained under upwind conditions; the same
conclusions were obtained under downwind conditions using the same analysis method.

3.2. Experimental Results of Wind Vortex Target Parameter Control

The flight experiment was conducted at Huashan District, South China Agricultural
University (113°20.38' E, 23°9.76' N). The test site is open and unobstructed, with weak
natural wind and good signal reception.

The control target was the 12 flight parameter curves shown in Figure 2. The PID
control algorithm and fuzzy control algorithm were used to conduct automatic flight tests
on each curve. The drone starts flying at the lowest speed on the curve and accelerates
to the highest speed within 10 s. After completing the experiment, 24 sets of data were
collected, and the actual flight parameter test results are shown in Figures 10 and 11.

Comparing the effectiveness of the two control methods, it can be seen that the actual
flight parameter curve is closer to the ideal flight curve parameters when using fuzzy
control. The control deviation under the two control methods was calculated, and the
results are shown in Table 3.

Table 3. Deviation of different control methods and model curves.

Wind Direction Target "l\"/arget PID Control Fuzzy Control
alue Error Error
15.12 0.029 0.041
Area (m?) 12.69 0.064 0.105
. 10.25 0.072 0.088
Downwind 0.94 0.106 0.042
Distance (m) —0.06 0.061 0.041
—1.06 0.049 0.046
12.86 0.084 0.048
Area (m?) 8.57 0.049 0.071
Upwind 4.29 0.054 0.036
4.90 0.143 0.048
Distance (m) 3.65 0.060 0.037
2.35 0.070 0.039
Average 0.070 0.053

The experimental findings indicate that the average error under fuzzy control is 0.053,

which is smaller than the error of 0.07 under PID control, indicating a better control effect.
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3.3. Control Effect of Wind Vortex Target Parameters

The primary objective of controlling flight parameters is to regulate the wind vortex
target parameters. A model function for wind vortex parameter control was proposed in
the previous work [22]. The input to this function is the flight parameters, and the output
is the wind vortex parameters. Using the relationship function and experimental data on
flight parameters, we can compute the corresponding wind vortex parameter values. The
equation for calculating ideal target parameters is as follows:

S = Fs(h,v)
bR ©

In Equation (6), Fs and F; are the target area function and target distance function, re-
spectively, and & and v are the flight altitude and speed obtained from the experiment.
According to the flight results and the relationship function, the wind vortex target area
and distance were calculated. The control effects of the target area and distance are shown
in Figures 12-15.

Set value
) PID control

3;@ /\j;@ \/}@ O Fuzzy control

® Drone

Figure 12. Control effect of target area (downwind).

Set value
{1 PID control
O Fuzzy control
% Drone

¥ X X

Figure 13. Control effect of target area (upwind).
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Figure 14. Control effect of target distance (downwind).
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Figure 15. Control effect of target distance (upwind).

The size of the circle in Figures 12 and 13 represents the area of the wind vortex. It can
be seen from the figure that PID control and fuzzy control have similar effects, indicating
that the area control effect is good. The horizontal coordinate position of the circle in
Figures 14 and 15 represents the distance of the wind vortex target. It can be seen that the
target position can effectively follow the set position under both control methods, and the
target distance control effect is good.

We calculated the average value of the wind vortex target parameter value during the
flight process and compared it with the set target value to obtain the control effect of the
target and the direction and value of the target parameter offset. The results are shown in
Table 4.
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Table 4. Wind vortex target control effect.
Test Value Target Parameter Offset
Wind Target
Direction Target Value PID Fuzzy PID Fuzzy
Control Control Control Control
15.12 15.15 15.17 0.03 0.05
Area (m?) 12.69 12.75 12.00 0.06 —0.69
. 10.25 9.92 10.57 —0.33 0.32
Downwind Dist 0.94 0.87 0.94 —0.07 —0.00
ls(ri‘;‘ce —0.06 ~0.03 0.02 0.03 0.08
—1.06 —1.09 —0.91 —0.03 0.15
12.86 12.80 12.65 —0.06 —0.21
Area (m?2) 8.57 8.74 8.91 0.17 0.34
Upwind 4.29 4.68 4.45 0.39 0.16
Distance 4.90 492 5.00 0.02 0.10
(m) 3.65 3.62 3.65 —0.03 —0.00
2.35 2.23 2.28 —0.12 —0.07

Table 4 shows that the test values of the target parameters are basically consistent
with the target values. The test target values show positive and negative deviations under
different wind directions and parameters. When the wind vortex target area is set to
12.69 m? under downwind conditions, the maximum deviation of the target parameters is
0.69 m?, and the other target parameters show relatively small deviations, which achieves
a good control effect.

Ideally, the computed value of the wind vortex target parameter should align perfectly
with the predetermined target value. However, in real-world scenarios, variations in flight
parameters at different times can introduce minor discrepancies. Additionally, inaccuracies
in the target parameters may occur. To quantify these deviations, the absolute error between
the actual target parameter values and the set target values is determined as follows:

_ Lin[F(hivi) — A
i

(7)

In Equation (7), A is the set value of the wind vortex target, and F(h; v;) is the wind vortex
target calculation result calculated based on the model function and flight parameters
obtained from experiments. The control effect of 12 wind vortex target parameters in the
experiment is shown in Table 5.

From Table 5, it can be seen that the absolute error of the target parameters under
fuzzy control is smaller, and the control effect is better than that under PID control.

During the flight process, the flight parameters of the drone change in real time, and
the theoretical target parameters obtained from the flight parameters also fluctuate around
the set values. To compare the target control stability of different parameters and control
methods, the variance of target parameters under each voyage was calculated. The results
are shown in Table 6.

Horizontally comparing the target parameter variances of the two methods, the values
with smaller variances are marked with “*” in Table 6. From Table 6, it can be seen that
the variance under fuzzy control was smaller for eight voyages, while the variance under
PID control was smaller for the remaining four voyages. Therefore, the target parameter
statistical dispersion under fuzzy control is smaller than that under PID control.
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Table 5. Comparison of the absolute error of the target.
T T Val Absolute Error
Wind Directi arget arget Value
fnd BPrection 8 & PID Control Fuzzy Control
15.12 0.16 0.22
Area (m?) 12.69 0.43 0.70
10.25 0.53 0.22
) Average (m?) 0.37 0.38
Downwind 0.94 0.09 0.04
Distance (m) —0.06 0.20 0.13
—1.06 0.21 0.21
Average (m) 0.17 0.12
12.86 0.60 0.23
Area (m?) 8.57 0.26 0.38
4.29 0.52 0.32
. Average (m?) 0.46 0.31
Upwind 4.90 0.13 0.12
Distance (m) 3.65 0.11 0.06
2.35 0.37 0.08
Average (m) 0.20 0.09
Table 6. Variance of target parameter control.
T T Val Variance
Wind Directi arget arget Value
thd Hrection 8 & PID Control Fuzzy Control
15.12 0.038 * 0.074
Area (m?) 12.69 0.252 * 0.313
D nd 10.25 0.294 * 0.471
ownwin 0.94 0.007 0.002 *
Distance (m) —0.06 0.056 0.018 *
—1.06 0.064 0.055 *
12.86 0.836 0.035*
Area (m?) 8.57 0.070 * 0.088
Upwind 429 0.197 0.115*
P 490 0.208 0.010 *
Distance (m) 3.65 0.026 0.007 *
2.35 0.010 0.004 *

4. Conclusions

This paper conducted research on the wind vortex target control of plant protection
UAVs based on the rice wind vortex—flight parameter model. The flight parameter curve
was calculated based on the wind vortex target parameter control model; a PID controller
and fuzzy controller were designed using a Cube Orange flight controller and Jetson AGX
Xavier onboard computer to control wind vortex target parameters; drone flight control
tests were conducted, where under fuzzy control, the average deviation values of UAV
flight altitude and speed were 0.06 and 0.08, respectively, which was better than the values
under PID control; wind vortex target-flight parameter curve control tests were conducted,
where the average error of the flight curve under fuzzy control was 0.053, which was better
than that of PID control; wind vortex target control effectiveness tests were conducted
where the deviation of the target parameters under both downwind and upwind conditions
was small, and the control effect was good, under fuzzy control, the average values of
target distance and area errors under downwind and upwind conditions were 0.12 m and
0.38 m? and 0.09 m and 0.31 m?, respectively, indicating that the absolute error of the target
parameters was smaller than that of PID control, in the twelve voyage experiment, the
variance of target parameters under fuzzy control was smaller in eight voyages, and the
variance of PID control was smaller in four voyages. Overall, the fuzzy controller designed
in this paper has a better control effect than the PID controller.
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The control of wind vortex distance and area in the rice canopy studied in this paper
directly affects the specific location, density, and uniformity of pesticide spraying. It can
effectively enable drones to accurately spray pesticides on targets, reduce pesticide depo-
sition in nontarget areas, improve pesticide utilization efficiency, and reduce agricultural
production costs. It is of great significance for protecting the natural environment. The
research conducted in this paper is the first to control the airflow wind vortex generated in
the rice canopy during the operation of plant protection drones. This control method can
effectively combine the control of the drone body with the effectiveness of field operations
and improve the quality of field operations.

5. Prospect

Despite the substantial contributions of this paper, several areas warrant further
exploration in subsequent research endeavors.

(1) The data collection for this paper was conducted under conditions of a relatively stable
meteorological environment and minimal natural wind, neglecting the potential im-
pact of environmental wind. Future research will incorporate real-time environmental
wind information to improve the model’s applicability.

(2) The models for different crops will differ, mainly due to the unique mechanical prop-
erties of their canopies. Future research should focus on analyzing the mechanical
characteristics of the main targets for drone operations and incorporating these me-
chanical properties into the models. This will help enhance the generalization ability
of the models.

(3) While the flight parameter control method examined in this paper effectively mod-
ulates the drone’s flight speed and altitude, ensuring minimal error in wind vortex
target parameters, there is potential for further enhancement of wind vortex target
control through the exploration of more fundamental flight control algorithms.
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