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Abstract: With the development of pesticide substitution technology, ozonated water has been grad-
ually applied in agricultural plant protection. This paper describes our development of an ecological
plant protection unmanned aerial vehicle (UAV) that can produce and spray ozonated water while
flying. Firstly, this paper carries out the design of the ozonated water system, including the selection
of the ozone generator and the gas-liquid mixing method. Secondly, the conceptual design method
of the ecological plant protection UAV is introduced, including total weight estimation, propulsion
system selection, layout and structure design, battery modeling, center of gravity evaluation, and
control system. Then, static analysis was computed in ANSYS Workbench on the UAV fuselage.
Finally, the field test verified that the hovering time of the UAV could reach the design requirement
of 10 min when it was fully loaded. The effective spraying width (with a height of 2 m and a speed
of 3 m/s) is 5.25 m. The UAV was used to spray ozonated water with a concentration of 17 ppm
continuously once a day; on day 7, the control effect could reach 76.4% and the reduction rate of the
larvae population was 59.3%. Therefore, spraying ozonated water with a concentration of 17 ppm
every day by using the ecological plant protection UAV can effectively control broccoli diamondback
moth larvae and achieve the control effect of traditional pesticides (Chlorantraniliprole SC).

Keywords: plant protection UAV; ozonated water; conceptual design; finite element analysis (FEA);
field tests

1. Introduction

In recent years, under the support and guidance of the state, pesticide substitution
technologies and green prevention and control technologies have been continuously devel-
oped, resulting in a continuous reduction in the use of pesticides in China [1,2]. As one of
the most important technologies in green prevention and control, ozone plant protection
technology causes no pollution to the environment or pesticide damage.

At present, ozonated water plant protection equipment has been widely studied by
researchers in the field of pest control. The ozonated water plant protection is mainly
carried out in the form of backpack, fixed, and ground-mounted mobile vehicles. Chai et al.
developed a backpack ozonated water sprayer that used a gas-liquid mixing pump as the
ozonated water mixing method, and manual spraying was required during operation [3].
Kenji et al. developed a portable ozone spray sterilization system to prevent and control
pests in agricultural management. Studies showed that the ozone derivative free radicals
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produced in ozone spray could improve the rate of aphid destruction, and all aphids
were destroyed within 30 min [4]. Steffen et al. developed the PHYTO3-tech PCRO
protection system, which can be mounted on a tractor to spray ozonated water with a
concentration of 8 ppm to control yeast, mold, and insect damage, forming a field green
plant protection operation equipment [5]. Fan et al. developed a crawler-type ozonated
water plant protection unmanned vehicle that used PLC and single-chip microcomputer
control technology to integrate the ozonated water preparation and spraying system with
the crawler vehicle [6]. When the unmanned vehicle was operating, it could produce
ozonated water in real time and spray it out. The plant protection test in the vineyard
shows that the control effect is not significantly different from that of traditional pesticides
when spraying with 20 ppm ozonated water for 6 days. Hu et al. developed an ozonated
water spray system that could be mounted on a high-clearance vehicle [7]. The ozonated
water spray system in the vehicle could produce ozonated water in real time and spray it
during operation. In the rice control effect test, the combined use of ozone and pesticides can
better control the leaf roller pests. The above ozonated water plant protection equipment is
mainly aimed at greenhouse and orchard crops and is not suitable for open-field vegetables
such as broccoli.

In recent years, the plant protection UAV and agricultural aviation industries have
developed rapidly [8-11]. The literature [12] pointed out that using the DJI T20 plant
protection UAV to spray ozonated water with a concentration of 1 ppm and a half-life of
8 min can be used for disinfection outdoors, but this concentration of ozonated water has
no significant effect on the survival rate of diamondback moth larvae. The disadvantage of
using traditional plant protection UAVs to spray ozonated water is that the ozonated water
decomposes quickly, and the concentration of the ozonated water produced on the ground
will decrease after being transported. Therefore, we put forward the idea of mounting the
ozonated water production equipment into the UAV. Due to the high requirements of the
UAV on the weight and position of the load, it is necessary to consider the concentration
of ozonated water prepared, the load weight, and the center of gravity of the UAV when
designing an ecological plant protection UAV.

This paper introduces an ecological plant protection UAV that will continuously
produce and spray ozonated water during the flight, which is suitable for plant protection
operations in vegetable fields.

Section 2 proposes the design process of the ecological plant protection UAV and
determines the design parameters of the UAV.

Section 3 presents the conceptual design method of the ecological plant protection
UAV, including selection of ozonated water system components, total weight estimation,
propulsion system selection, layout and structure design, battery modeling, control system,
center of gravity evaluation, and static structural analysis of the UAV.

Section 4 introduces the field tests of the UAV, including the hovering time test, the
effective spraying width test, and the control efficacy test on diamondback moth larvae.

2. Design Process and Requirements
2.1. Design Process

When designing the ecological plant protection UAV, first of all, it is necessary to deter-
mine the design goals and parameters of the ecological plant protection UAV. Secondly, the
ozone generator and the gas-liquid mixing device were selected. Thirdly, the weight of the
plant protection UAV was estimated according to the weight of the workload (the ozonated
water system), and the suitable propulsion system was selected. Then, the structure of the
UAV fuselage was designed, the model of the UAV was built using Solidworks, lithium-
polymer (Li-Po) battery capacity was calculated according to the power consumption of the
UAV, and the center of gravity was viewed through Solidworks. Finally, the static structural
analysis of the UAV fuselage was performed in ANSYS Workbench to verify the structural
reliability of the UAV. The design process for ecological plant protection UAVs is shown in
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Figure 1. The major parameters of the ecological plant protection UAV after the test are
shown in Table 1.
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Figure 1. The design process for ecological plant protection UAV.

Table 1. Major parameters of ecological plant protection UAV after the test.

Parameter Value
Flight speed (m/s) 1-7
Maximum take-off weight (kg) 58.3
Battery capacity (mAh) 44,000
Hover time at full load (min) 10.2
Total capacity of the water tank (L) 16
Ozone production (g/h) 0-24
Ozonated water concentration (ppm) 0-17
Dimensions (mm) 2100 x 2100 x 600
Total flow (L/min) 0-4.5
Number of nozzles 4

Effective spraying width (m)

(with a height of 2.0 m and a speed of 3.0 m/s) 525

The ecological plant protection UAV is composed of the flight control system, ground
control system, propulsion system, power system, and ozonated water system. The flight
control system is the brain of the UAV, which is mainly responsible for the autonomous
flight of the UAV. The ground control system cooperates with the flight control system
to control the flight of the UAV and one can choose automatic flight settings or manual
operation. The propulsion system is responsible for powering the UAV to climb, hover, fly,
and land. The power system consists of the battery and a power distribution unit (PDU),
and the battery supplies power to the propulsion system, ozonated water system, and flight
control system. The ozonated water system consists of production and spraying equipment,
and ozonated water can be produced and sprayed in real time. Figure 2 shows the UAV
composition and each system’s workflow.
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Figure 2. The UAV composition and each system’s workflow.

2.2. Design Requirements and Objectives

Before starting to design the UAV, it is necessary to determine the design requirements
and objectives. We put forward the design requirements and objectives, as shown in Table 2.
Taking the technical parameters of conventional plant protection UAVs as a reference, the
design objectives of the ecological plant protection UAV were determined. We selected a
number of plant protection UAVs from SZ DJI Technology Co., Ltd. (Shenzhen, China) and
Guangzhou XAG Technology Co., Ltd (Guangzhou, China). The parameters of these UAVs
were counted [13,14]. The hovering time of plant protection UAVs is shown in Figure 3.
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Table 2. Design requirements and objectives for the UAV.

S/N Requirement Value

1 Hover time at full load (min) 10
2 Endurance flight time (min) 7

3 Maximum take-off weight (kg) 60
4 Flight altitude (m) 0-6
5 Flight speed (m/s) 0-7
6 Capacity of the water tank (L) 15
7 Spraying efficiency (hm? /h) 4

8 Ozonated water concentration (ppm) 15
9 Effective spraying width (m) 4
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Figure 3. Statistics of the hovering time of plant protection UAV. Green balls represent the projection
on the plane composed of the “Hover time” axis and the “Total weight” axis, and blue balls represent
the projection on the plane composed of the “Total weight” axis and the “Battery weight” axis.

Figure 3 shows that the hovering time of plant protection UAVs with full loads is
7-10 min. Therefore, the ecological plant protection UAV is required to hover for at least
10 min under full load. Considering that the ecological plant protection UAV needs to carry
the ozonated water workload, the capacity of the water tank should not be too high, and
the minimum capacity is 15 L. The UAV’s spraying area per sortie formula is as follows:

Espray = thDwidth XUf @

where Esprqy is the UAV’s spraying area per sortie, t; is endurance flight time, Dygy, is
effective spraying width, and vy is flight speed of the UAV.

According to Formula (1), when the endurance flight time is 7 min, the flight speed is
4 m/s, the effective spraying width is 4 m, and the UAV’s spraying efficiency per sortie is
6720 m?. If the spraying efficiency is to reach 4 hm?/h, the UAV needs to fly 6 sorties per
hour. Therefore, the preset operating parameters of the UAV are reasonable.

The literature [6] indicates that the concentration cannot be too low when working
with the ozonated water system. The literature [15] indicates that ozonated water with a
concentration of 15 ppm has a better control effect on aphids and cabbage caterpillar. Guo
et al. explored the control of pests of green vegetables by ozonated water and found that
ozonated water with a concentration of 6.0 ppm had a significant effect on preventing the
occurrence of vegetable pests [16]. In order to ensure the control effect of ozonated water
on insect pests, the concentration of ozonated water should reach 15 ppm. Because the
concentration of ozonated water decays quickly, the ozonated water system needs to work
continuously during the flight to maintain the concentration within a certain range.
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3. Conceptual Design Method of UAV for Ecological Plant Protection
3.1. Selection of Ozonated Water System Components

The ozonated water system consists of the controller, the ozonated water production
device, and the spraying device. The ozonated water production device is composed of an
oxygen cylinder, an oxygen solenoid valve, a water outlet solenoid valve, two sets of ozone
generators, and a gas-liquid mixing pump. The spraying device consists of a brushless DC
pump and four nozzles. The ozone generator’s output and the gas-liquid mixing efficiency
are necessary conditions for producing high-concentration ozonated water. The weight
and cost of each component in the ozonated water system are shown in Table 3.

Table 3. The weight and cost of each component in the ozonated water system.

S/N Component Weight (kg) Cost (CNY)

1 Ozonated water system controller 0.22 500
2 Oxygen cylinder (with pressure reducing valve) 1.53 1300
3 Gas flowmeter 0.11 950
4 Cylinder solenoid valve 0.16 49

5 Water outlet solenoid valve 0.55 38

6 Relay module 0.20 42

7 Two sets of ozone generators 1.23 700
8 Ozone high voltage power supply 0.90 300
9 Gas-liquid mixed pump and its controller 3.24 2100
10 Water tank (full load) 17.27 259
11 Brushless DC pump 0.36 280
12 Four nozzles 0.40 180

Total 26.17 6698 (CNY)/975 (USD)

The SQ-12 ozone generator (Suiquan Electromechanical Co., Ltd., Guangzhou, China)
was selected as the device for producing ozone. The device uses a dielectric barrier
discharge method, as shown in Figure 4. After oxygen molecules are introduced into a
high-frequency and high-voltage electric field, high-energy electrons decompose oxygen
into oxygen atoms, and eventually the oxygen atoms collide to form ozone. Two sets of
5Q-12 ozone generators were connected in series to increase the production efficiency of
ozone gas. The total output of the two sets of ozone generators is 24 g/h, and the combined
power of the two sets of ozone generators is 240 W.

Ozone t §6 Aluminium Alloy Radiator
- Outside Electrode
[:I Quartz Tube

316 Stainless Steel
Internal Electric Panel

Wind dna &

Aluminium Alloy
Radiator

Figure 4. The ozone generator’s working concept.

There are generally three ways to mix ozone and water: the direct aeration method,
the Venturi jet method, and the gas-liquid mixing pump method [6]. The gas-liquid mixing
pump method uses a gas-liquid mixing pump to mix ozone gas with water. The high-
speed rotating turbine generates negative pressure through the gas-liquid mixing pump,
sucking ozone gas into the pump chamber where it can be fully mixed with water under
pressure. The dissolving effectiveness ranges from 70-90%. The gas-liquid mixing pump
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Concentration of ozonated water (ppm)

(type 8ZTDB-40, Lingbo Electromechanical Pump Industry Co., Ltd., Yangjiang, China)
was used in the design of the ozonated water system. Its rated flow and rated power are
0.77 m®/h and 200 W, respectively.

In order to compare the production efficiency and attenuation of ozonated water under
different gas-liquid mixing methods, the above three mixing methods were used to conduct
tests. The three groups of tests used ozone generators with a total output of 24 g/h and
supplied oxygen with the 0.8 L carbon fiber oxygen cylinder (Tianhai Industrial Co., Ltd.,
Beijing, China). After the gas cylinder was filled with oxygen, the pressure was 13 Mpa, and
the oxygen concentration was 99.5%. In the ozonated water production and attenuation
test, the ozone analyzer (type PM8200CL, GreenPrima Instruments Ltd., London, UK)
was used to detect the ozone concentration in real-time, with the measurement range of
0-20 ppm, and the resolution of 0.01 ppm. The ozone concentration was recorded every
30 s and were repeated 3 times for each group of experiments, as shown in Figure 5.

| —®—Gas-liquid Mixing Pump

—®— Aerator

—A— Venturi Tube

—=— Gas-liquid Mixing Pump

—e— Aerator
14 —&— Venturi Tube

Concentration of ozonated water (ppm)

3 4 5 0 5 10 15 20 25 30 35 40 45

Time (min) Time (min)
(a) (b)

Figure 5. Variation of ozonated water concentration in different production modes: (a) generation of
ozonated water concentration; (b) attenuation of ozonated water concentration.

Figure 5a shows that the gas-liquid mixing pump method can prepare ozonated water
with a concentration of up to 17 ppm at 4.5 min, which is greater than the aeration method
and the Venturi jet method. Figure 5b shows that the half-life of the ozonated water
concentration is around 15 min.

3.2. Estimation of Total Weight

The total weight of the ecological plant protection UAV is expressed as Wi,,;, which is
composed of the frame structure weight Wg, propulsion system weight Wp, power system
weight Wjp, flight control system and other electronic equipment weight Wgy, and the
workload weight W;. The formula for the total weight of the UAV can be obtained:

Wiotal = Ws+Nmotor Wp+Wp+WgL +Wi )

At present, we only know the weight of the ozonated water system, and other parts of
the UAV have not been finalized, so it is necessary to estimate the total weight of the UAV.
We counted the total weight and workload weight of plant protection UAVs from DJI and
XAG. Figure 6 shows the fitting results of the total weight and the workload weight.
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Figure 6. Statistics of workload weight and the total weight of plant protection UAV.
The fitting formula of the total weight and the workload weight is:
Wr = 0.4818W 1, — 3.2393 (©)]

where Wiy, is the total weight of the ecological plant protection UAV, and W is the
workload weight.

The workload of the ecological plant protection UAV includes the ozonated water
system and the water contained in the water tank. The sum of the weight of each component
is 26.17 kg, as shown in Table 3. The workload also includes other accessories, such as
water pipes, so the total weight is 27 kg. According to Formula (3), the total weight of the
ecological plant protection UAV is 62.92 kg.

3.3. Selection of Propulsion System

The propulsion system of the UAV consists of brushless motors, brushless electric
controllers (ESC), and propellers. With a greater total weight of the plant protection UAV,
the larger-sized propeller and the motor with a lower KV value need to be selected. KV
represents the ratio of the motor’s speed per minute to voltage. With a larger diameter of
the paddle, the lower KV motor is more efficient than the higher KV motor [17]. The XRotor-
X9 propulsion system (Hobbywing Technology Co., Ltd., Shenzhen, China) was selected,
and its specifications are shown in Table 4. This system is equipped with 34.7 inch high-
efficiency folding propellers, using FOC electric adjustment, and the maximum pulling
force of a single axis can reach 22 kg.

Table 4. XRotor-X9 propulsion system specifications.

Specification Value
Total weight of propulsion system (kg) 1.4
KV (rpm/V) 100
Size of the stator (mm) 96 x 16
Supported Battery Type Li-Po (6-12 cells)
Electrical signal frequency modulation (Hz) 50-500
Working pulse width of electrical modulation (us) 1100-1940
Maximum allowable voltage (V) 52.2
Maximum allowable current (A) 120

According to the data of the XRotor-X9 propulsion system given on the official web-
site [18], we plotted the load performance diagram of the propulsion system as shown in



Drones 2023, 7, 291

9of22

Figure 7. The fitting formulas of pulling force and motor rotational speed, and current and
motor rotational speed, are as follows:

T, = 4.89¢"/ 212174 _ 6 46 (4)

I, = 2.92¢"n /105785 _ ¢ 1 (5)

where T), represents the weight of propulsion by each propulsion system, ,,, represents the
rotational speed of the motor, and I, represents current for the propulsion system.

25 —// 150 4 6000 4 14
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*
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Figure 7. The load performance diagram of the propulsion system.

3.4. Layout Design

The layout of the fuselage and propulsion system must be considered in the design
of the plant protection UAV. Common fuselage layouts for plant protection UAVs include
four-rotor, six-rotor, and eight-rotor aircraft. The plant protection UAV’s tolerance for the
propulsion system failure increases with the number of rotors. By redistributing the control
output signals in the event of a single power motor failure, the flight control system can
maintain the stability of the plant protection UAV, increase its safety, and prevent damage to
people or property. More rotors, however, are not necessarily better. The distance between
the geometric center of gravity of the plant protection UAV and the center of gravity of the
rotors will increase as the number of rotors does as well. In light of these factors, the plant
protection UAV’s fuselage uses a six-rotor layout.

From the literature [19], the number of arms and the size of the blades are closely
attached to the dimensions of the plant protection UAV in the standard multi-rotor layout.
The following relationship exists between the angle of the arms 60, the number of arms
Nuotor, the radius of the UAV fuselage R, the radius of the propeller Ry, and the maximum
radius of the propeller Ry y:

— Rinax

o 0
sin 5

o — 360° (6)

- Nmutor

1.05R, < Ryax < 1.2R,

The output tension of the propulsion systems keeps a dynamic balance relationship
with the take-off weight while the UAV is hovering. In order to make the model simpler,
each propulsion system’s pulling weight is stated as 1/6 of the six-rotor UAV’s take-off
weight [20-22]. Since the weight of the UAV estimated above is 62.92 kg, the 6 sets of
XRotor-X9 propulsion systems meet the flight requirements of the UAV for plant protection.
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The number of arms is 6, the radius of the propeller is 44 cm, and the maximum radius
of the propeller is 1.15 times the radius of the propeller. The UAV fuselage radius may be
calculated using Formula (6) to be 101.2 cm.

In terms of material selection, carbon fiber reinforced polymer (CFRP) is frequently
used in the plant protection UAV’s fuselage structure. Both the specific strength and the
specific modulus of this material are high. Under conditions of equal quality, the material
has a large bearing capacity and minimal deformation as compared to other metal materials.
The UAV’s fuselage structure used CFRP T300, and the connecting parts used aluminum
alloy 6061-T6.

The 3D model of the ecological plant protection UAV was designed using Solidworks,
as shown in Figure 8. The material properties were assigned to each component, and the
software will calculate the weight of each part. The material properties used are shown in
Table 5.

Figure 8. The 3D model and the layout design of the ecological plant protection UAV.

Table 5. Material properties of aluminum alloy and carbon fiber.

. . . Density Young Modulus Yield Strength
Materials Poisson Ratio (kg/m®) (GPa) (MPa)
Aluminum Alloy 6061-T6 0.33 2.7 69 275
CFPR T300 0.3 1.76 230 3530

The center frame is the core of the UAV fuselage, and its interior is mainly equipped
with a flight control system and power distribution unit. The center frame’s upper and
lower carbon fiber panels are supported by several aluminum columns and six arm bases.
The propulsion system is connected to the center frame by the UAV arm. The folding
components are positioned in the middle of the arm and attached to the carbon fiber tubes
on either side to make it easier to fold the UAV arm.

A 16 L water tank is chosen for the ozonated water system, and several threaded holes
are set aside on the exterior of the water tank. Components such as the ozone generator,
oxygen cylinder, brushless DC pump, relay, and controller are firmly connected to the
water tank through bolts. Under the center frame, the water tank is attached to the UAV’s
landing gear via 4 aluminum alloy connectors that are 20° inclined. Install the gas-liquid
mixing pump vertically behind the UAV’s center frame using fasteners such as aluminum
columns and bolts, and attach the controller of the mixing pump to the water tank. The
bottom of each propulsion system can be equipped with a nozzle. The nozzles in the center
and back of the plant protection UAV will spray ozonated water when it is flying ahead,
but they will not spray it on other equipment. The battery is preset on top of the center
frame to keep the plant protection UAV’s center of gravity as close to the module’s center
as possible.
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3.5. Battery Selection and Endurance of Flight

The ecological plant protection UAV’s battery capacity, total weight, and flying power
consumption all have a major impact on the UAV’s endurance. Currently, 90% of UAVs
use Li-Po batteries, which have a high energy density and discharge rate [23]. The rated
voltage of a LiPo battery’s Cell is 3.7 V, and the fully charged voltage of the battery is
4.2 V/Cell. The battery state of charge (SOC) is zero, which indicates that the battery
is entirely discharged, when the Li-Po battery voltage is less than 3.5 V/cell [24]. Only
80% of the battery’s capacity can be utilized when using Li-Po batteries to ensure battery
longevity [25]. Therefore, the minimum remaining capacity set by the battery discharge
protection is 20% of the battery capacity.

The actual battery discharge process must be simplified while carrying out battery
modeling. Assuming that the voltage stays constant throughout the discharge process and
that the battery’s remaining capacity shifts linearly [20,23], the battery model formula can
be obtained as follows:

ty = @%

b
Cinin= 0.2Cy 7)
Ib: Nmotor1p+IEL+IL

where t}, is the hovering time of the plant protection UAV, I, is the total current of the plant
protection UAV in the hovering state, I, is the current for a single propulsion system, Iy
is the current of the flight control system, I} is the current of the ozonated water system,
Cp is the battery capacity, and C,,;,, is the minimum remaining capacity set by the battery
discharge protection.

In order to calculate the required capacity of the batteries, the current of the propulsion
system needs to be known. The current of the plant protection UAV changes during
flight. Choose the total current of the plant protection UAV’s hovering condition for quick
calculations. The power parameters of the flight control system and ozonated water system
are shown in Table 6.

Table 6. The power parameters of the flight control system and ozonated water system.

System Device Power (W) Voltage (V) Current (A)

Flicht control svstem Main control module 8 24 0.33

& y Data link communication module 7.8 12 0.65

Cylinder solenoid valve 6 24 0.25

Water outlet solenoid valve 20 24 0.83

Ozonated water system Brushless DC pump 60 48 1.25
Two sets of ozone generators 240 24 10

Gas-liquid mixing pump 200 24 8.33

The relationship between the weight propelled by each propulsion system and the
total weight in the hovering state is as follows:

Whover = (8)

where W,y is the weight of propulsion by each propulsion system in the hover state.

We have estimated the total weight of the UAV at 62.92 kg and assumed the hovering
time of the UAV is 10 min. The current of the flight control system is 0.98 A, and the current
of the ozonated water system is 20.66 A. From Formulas (4), (5), (7), and (8), the weight of
propulsion by each propulsion system in the hover state is 10.49 kg, the rotational speed of
the propeller is 2640 rpm, the current for the propulsion system is 29.32 A, the total current
of the plant protection UAV in the hovering state is 197.56 A, and the battery capacity is
41,158 mAh.
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To meet the requirement that the plant protection UAV must hover for at least 10 min,
the battery capacity is at least 41,158 mAh. Therefore, by connecting the batteries in series
and parallel, we can make a Li-Po battery pack (44,000 mAh, 12 cells, 44.4 V) using 4 Li-Po
batteries (22,000 mAh, 6 cells, 22.2 V). The weight of a Li-Po battery (22,000 mAh, 6 cells,
22.2 V) produced by Shenzhen Grepow Battery Co., Ltd. (Shenzhen, China) is 2.55 kg.

In order to ensure the safety of battery discharge, the maximum working current of
the UAV must be less than the maximum discharge current of the battery. The formula for
the maximum discharge current and the maximum discharge rate is as follows:

K, = 1000 ToMax )
G
where Kj, is the maximum discharge rate, and Iy, is the battery’s maximum allowable
discharge current.

The battery should be able to operate safely under the full-throttle mode of the propul-
sion system [26]. The maximum discharge current should meet the following:

IyMax = Iyt = NumotorIpmax + IeL + I (10)

where Iy is the maximum working current of the UAV, and I, p14y is the maximum current
for the propulsion system.

From Table 4, the propulsion system’s maximum current is 120 A. The maximum
discharge rate is 25 C. It can be obtained that the maximum discharge current of the battery
is 1100 A, and the maximum working current of the UAV is 741.64 A. As a result, the Li-Po
battery’s maximum discharge current satisfies the requirement of Formula (10), and the
UAV can work safely under full-throttle mode.

3.6. Center of Gravity Evaluation

We could view weight properties in Solidworks. The center of gravity (CG), weight,
and moment of inertia of the UAV are shown in Figure 9. The CG is located below the center
frame. Among them, the x-axis and y-axis are 6.90 mm and 0.19 mm away from the central
axis (z-axis) of the UAV, respectively; in the direction of the z-axis, the center of gravity is
located at 75.69 mm on the center frame. The accurate weight of the UAV is 56.57 kg. The
moments of inertia (MOIs) around CG are given as Iy = 6.59 kgmz, Ly =6.75 kgmz, and
Iz = 10.21 kgm?. The deviation of the CG position from the pitch axis and the roll axis is
not large, which is within the controllable range of the flight control system.

@ Mass Properties = =
@ [vAvstoash
o
2
[Mass = 56.571 kilograms
Volume = 35414597.069 cubic millimeters >
Surface area = 6389308.305 square millmeters
tia and principal moments of inertia: (kilograms * square millmeters)
P = 6591621.456 e
Py = 6752360683
Pz = 10207442644
square millimeters)
d aligned with the output coordinate syste
140 Lz = -71004.861
- 6752316.208 Lyz = 420515
= 420515 10206047.631
[Moments of inertia: (kilograms * square millimeters)
ut coordinate system.
By = = 41461.900
by = 1250501
- 10208742714
[ copyto ciipboara |

Figure 9. The 3D model and the layout design of the ecological plant protection UAV.
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3.7. Control System
3.7.1. Flight Control System

The flight control system is in charge of the plant protection UAV’s autonomous flying,
which includes taking off and landing, route flight, and steady hovering. The DJI A3 flight
control system is used, including the main control module (built-in IMU), GPS module,
PMU, LED module, and data link communication module, as shown in Figure 10a. The
rotation of the motors (1, 3, and 5) is counterclockwise, and the rotation of the motors (2, 4,
and 6) is clockwise, as shown in Figure 10b.

X
Motor 6 b“ Motor 1

Figure 10. (a) The direction of motor rotation; (b) The layout of the flight control system.

3.7.2. Control of Ozonated Water Production and Spraying

The ozonated water system uses the STM32F407 microprocessor (STMicroelectronics)
as the main controller, integrating electronic switches, relay modules, and voltage conver-
sion. The system realizes the control of the working status of the solenoid valve, ozone
generator power supply, and gas-liquid mixing pump, thereby remotely controlling the
production of ozonated water.

The input and output channels of the PWM signal in the flight control are the F5 to F8
channels, and the F5 and F6 channels of the flight control are connected, respectively, to the
signal terminals of the electronic switch and the brushless DC pump. Control of the lever of
the remote controller is on the ground, the PWM signal is input from the flight controller to
the electronic switch, and the electronic switch is controlled to be turned on. The 24 V direct
current provided by the power distribution unit passes through the voltage conversion
module and supplies 5 V to the single-chip microcomputer. At this time, the single-chip
microcomputer is started. The I/O port of the single-chip microcomputer outputs a high-
level 3.3 V to power the gas-liquid mixing pump, the solenoid valve, the ozone generator,
and the multi-channel relay module after it has received the instructions. At this point, the
system started to produce ozone and ozonated water. Once the concentration of ozonated
water has been reached, the UAV can begin spraying. The spraying flow can be adjusted
by turning the knob on the remote control. When the spraying process is finished, the
ozonated water system is turned off by operating the remote control’s lever and knob. The
control block diagram of the ozonated water system is shown in Figure 11.
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Figure 11. Control block diagram of the ozonated water system.

3.8. Static Structural Analysis

After the structural design is complete, we need to conduct the structural static analysis
on the plant protection UAV’s fuselage to verify the dependability of the UAV’s overall
structure. Simplify the plant protection UAV’s 3D model in Solidworks before importing it
into ANSYS Workbench. Add the properties from Table 5 to the engineering data in ANSYS
Workbench, assign materials to the parts, and set the contact type based on how the parts
are connected.

Combining the global automatic meshing setting with the local mesh refinement
pattern was used to mesh the UAV fuselage, as shown in Figure 12a. After meshing, the
element size of the arm bases, the aluminum alloy connectors for the landing gear, and
the connectors for the water tank, is 2 mm. The element size of the others is 4 mm. There
are 648,268 elements, and the average value of mesh quality is 0.8, which is greater than
0.7. As a result, the mesh quality satisfies the requirements for meshing. When setting the
boundary conditions, a fixed support was applied to the center frame’s lower carbon fiber
panels, an upward force was applied to the ends of each arm, and downward pressure was
applied to the connectors for the water tank, as shown in Figure 12b.

[€ Force 3:98.N
IBJ Force 5:98.N
[EJ Force 4:98.N
[Bl Force 6:98.N
6l Load 1: 735N
8l Load 2: 735N
Ml Load 3: 735N

Bl Load 4: 735N
L]
0.000 0.400 0.800 (m)
I —

0.200 0.600

(b)
Figure 12. (a) Mesh model of the UAV; (b) the boundary conditions.

The largest deformation of the plant protection UAV is at the end of the arm, with
a maximum displacement of 1.0587 mm, which has little effect on the flight posture and
control of the UAV, as shown in Figure 13a. The maximum equivalent stress of the UAV is
26.213 MPa, which is located on the arm base, as shown in Figure 13b. The allowable stress
condition for parts is as follows:
o
Omax < u (11)
ns
where 0,y is the maximum equivalent stress, [0] is the yield strength, and n; is the safety
factor.
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Figure 13. The results of UAV statics analysis: (a) total deformation of the UAV; (b) equivalent stress
of the UAV.

The yield strength of aluminum alloy 6061-T6 is 240 MPa, and the safety factor is
taken as 1.5. From Formula (11), the maximum stress on the fuselage is less than the yield
strength. As such, fatigue failure will not occur in the structure of the UAV fuselage.

4. Field Tests and Discussion
4.1. Hovering Time Test

The hovering time test of the plant protection UAV was carried out on the South Lawn,
Shandong University of Technology. The temperature was around 20 °C during the test,
and the ground wind speed was 0-1 m/s, which met the test conditions. According to the
characteristics of lithium batteries, the battery voltage cannot be lower than 3.6 V/cell [27].
Therefore, the lowest voltage for the UAV was set to 43.2 V.

Before the test, we used an electronic scale to get the weight of the ecological plant
protection UAV (no load) to be 42.3 kg and charged the Li-Po battery pack to the full
voltage of 50.4 V. Then, we installed two power meters to measure the discharge energy
and controlled the UAV to keep hovering after take-off, as shown in Figure 14. The UAV
landed automatically when the lowest voltage was reached. Finally, the power meters were
viewed and the discharge energy was recorded. Each time the UAV’s weight was increased
by 4 kg, the weight values for the five groups were 42.3 kg, 46.3 kg, 50.3 kg, 54.3 kg, and
58.3 kg, respectively.

Figure 14. The hovering time test of the ecological plant protection UAV: (a) install the power meter;
(b) the UAV stays in hover.

Figure 15 shows that the actual hovering time under different weights is lower than
the theoretical hovering time. The battery pack’s rated discharge energy (44,000 mAh,
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12 cells, 44.4 V) is 2006.4 Wh. The test results show that the ecological plant protection UAV
can hover for longer than 10 min when fully loaded, which meets the design requirements.

22 1800

—#— Theoretical hover time (min)
—e— Actual hover time (min)
20 - 1750

/ 1700
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oo

Hover time (min)
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=
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- 1600

Battery discharge energy (Wh)
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T

- 1550
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40 44 48 52 56 60
Weight of the UAV (kg)

Figure 15. Comparison of hover times at different weights.

4.2. Effective Spraying Width Test

The accurate assessment of the effective spraying width of the plant protection UAV
is the premise of precision agricultural aviation operations and plays an essential role in
ensuring and improving the operation’s efficiency and quality [28].

The effective spraying width test was carried out on the South Lawn, Shandong
University of Technology. During the test, the ground wind speed was between 0-1 m/s,
which met the test conditions. Referring to Technical Specifications of Quality Evaluation
for Crop Protection UAV (NY/T 3213-2018) issued by the Ministry of Agriculture of the
PRC, we placed 2 rows of sampling points in the middle of the lawn, 5 m apart, with
36 sampling points in each row. The interval between 2 sampling points was 0.2 m, and a
droplet test card was fixed at each sampling point. The layout plan is shown in Figure 16a.

50m

50m

7m |

S5m

0.2m

TG

‘;/ ;éFT = Kromekote
(a) (b)
Figure 16. The effective spraying width test: (a) the layout plan; (b) the test site.

The Kromekote card was used as the droplet test card [29]. After adding Allura Red as
a tracer to the liquid, the droplets sprayed by the UAV could be displayed on Kromekote
cards [30,31]. The UAV flight speed was 3.0 m/s and the height was 2.0 m, and the spraying
flow rate was 3.5 L/min, as shown in Figure 16b. The UAV started spraying 50 m before the
sampling point and stopped spraying 50 m behind. The test was repeated twice, and the
collected Kromekote cards were brought back to the laboratory. We used the scanner (type
Epson DS-1610, Epson Co., Ltd., Beijing, China) to scan the droplets on the Kromekote
card at a grayscale resolution of 600 dpi, and then used the image processing software
DepositScan (USDA, Wooster, OH, USA) to measure the droplet deposition density [32,33].
The droplet deposition density diagram obtained in two flights is shown in Figure 17.
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Figure 17. The effective spraying width of the UAV in two flights (a total of four rows).

According to the droplet density determination method, when the aircraft performs
ultra-low-capacity agricultural spraying, the effective spraying width is defined as the
droplet density of the operation object reaching 15 droplets/cm? or more [28]. Figure 17
shows that the effective spraying widths of 2 flight sorties (4 rows total) are 5.0 m, 5.4 m,
5.4 m, and 5.2 m. With the average value, the effective spraying width of the plant protection
UAV is 5.25 m (with a height of 2.0 m and a speed of 3.0 m/s).

4.3. Control Efficacy Test on Diamondback Moth Larvae
4.3.1. Test Methods

The test was conducted on diamondback moth larvae in broccoli fields to test the effect
of ecological plant protection UAV on pest insects. The test was carried out at the Siyuan
Agricultural Experimental Base in Shandong, China, for 8 days (from 23 to 30 September
2022). During the test period, the weather was clear, the temperature varied between 23
and 30 °C, the wind direction was southwest, and the wind speed was 1-2 m/s.

The test plots were divided into four treatments: (a) the ecological plant protection
UAV spraying ozonated water with a concentration of 17 ppm and spraying continuously
for 6 days; (b) the ecological plant protection UAV spraying ozonated water with a con-
centration of 17 ppm, spraying at intervals of 1 day, and spraying 3 times in total; (c) X8
large-load plant protection UAV spraying 20% Chlorantraniliprole SC, with a dosage of
150 mL/hm?, diluting with water and spraying once in total; and (d) X8 large-load plant
protection UAV spraying water (control). Treatments (a), (b), and (c) were set up in 3 test
plots, respectively; treatment (d) was set up in 1 test plot, for a total of 10 test plots, each
with an area of 840 m?. When dividing the test plots, the control treatment was placed
upwind to prevent the impact of environmental wind on the drift of fog droplets. The
ecological plant protection UAV and X8 large-load plant protection UAV were used to
spray ozonated water and pesticides, respectively, as shown in the Figure 18. The X8
large-load plant protection UAV was developed by the Precision Agricultural Aviation
Team of Shandong University of Technology [34]. Its full-load take-off weight is 54 kg, the
capacity of the medicine box is 25 L, and the effective spray width is 4.5 m (height 2.0 m,
speed 3.0 m/s).



Drones 2023, 7, 291

18 of 22

@) (b)
Figure 18. (a) The ecological plant protection UAV; (b) X8 large-load plant protection UAV.

In each test plot, 10 plants were randomly selected for fixed-point investigation, and
the investigated plants were marked. Before the first spraying, the number of diamondback
moth larvae was investigated. During the test, two plant protection UAVs were operated at
a flying height of 2.0 m, a flying speed of 3.0 m/s, and a spraying flow rate of 3.5 L/min, as
shown in Figure 19. After the first spraying, the number of larvae was investigated on days
1,3, and 7. The calculation formulas for the reduction rate of larvae population and control
effect are as follows [35]:

R =S =2 4009 (12)
G
_Ri—Ry 0
E=—— 7 %100% (13)

where C; is the number of larvae before spraying, C, is the number of larvae after spraying,
R is mortality, R; is observed mortality, R; is control mortality, and E is control effect.

Figure 19. Ecological plant protection UAV spraying operation.

4.3.2. Results and Discussion

The mean number (4+SE) of diamondback moth larvae collected from four treatments
is shown in Figure 20. According to Figure 20, we know that the mean number of di-
amondback moth larvae in treatments (a) and (b) continued to decrease, and the mean
number of larvae in treatment (d) gradually increased. It shows that spraying 17 ppm
ozonated water every day or every other day has the effect of killing larvae. In treatment
(c), the mean number of larvae showed a downward trend on days 1 and 3 after spraying
Chlorantraniliprole SC, but the mean number of larvae on day 7 was slightly higher than
that on day 3. This shows that on day 7 after spraying Chlorantraniliprole SC, the larvae
tend to break out, so it is necessary to spray Chlorantraniliprole SC in time.
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Figure 20. During the testing period, mean number (£SE) of diamondback moth larvae collected
from four treatments.

The reduction rate of diamondback moth larvae population is shown in Table 7. From
Table 7, treatments (a) and (b) had the lowest reduction rates on day 1, at 27.2 £ 3.7% and
19.4 + 5.0%, respectively, and increased on days 3 and 7. The reduction rates on days
3 and 7 of treatment (a) were 56.3 £ 4.9% and 59.3 & 7.1%, respectively, while those of
treatment (b) were 42.2 £ 5.2% and 44.6 £ 6.1%, respectively. However, the reduction rate
of treatment (c) on days 1, 3, and 7 did not change much, being 60.2 £ 4.4%, 68.4 £ 4.7%,
and 64.1 £ 7.4%, respectively. It can be seen from the insect population reduction rate that,
on day 1 after spraying, the reduction rate of spraying pesticides is much higher than that
of spraying ozonated water. As the number of times of ozonated water spraying increased,
the decline rate was also increasing.

Table 7. Reduction rate of diamondback moth larvae population in broccoli.

Treatment Mean Number of Reduction Rate of Larvae Population (%)
Larve before Spraying Day 1 Day 3 Day 7
a 108.7 £10.1 272+37 56.3 =49 59371
b 132.3 £ 11.9 194 +5.0 422 +52 446 +6.1
c 140.0 £ 9.6 602+ 44 684 +4.7 64174
d (CK) 91.0 -132 —38.0 -725

The control effect of different treatments on broccoli diamondback moth larvae is
shown in Table 8. The control effects of treatments (a), (b), and (c) all reached their highest
value on day 7, and treatment (c) with Chlorantraniliprole SC once in total had the highest
control effect (79.2 = 4.3%). On day 7, the control effect of treatment (a) was 76.4 &= 4.1%,
which was not significantly different from the control effect of treatment (c). The control
effect of treatment (b) was the worst (67.9 &+ 3.6%), and was significantly different from
treatments (a) and (c). The control effect of treatment (c) was 77.1 & 3.4% on day 3, which
had little change compared with the control effect on day 7. The tests have shown that
spraying 17 ppm of ozonated water every day by using the ecological plant protection UAV
can effectively control broccoli diamondback moth larvae and achieve the control effect
of pesticides (Chlorantraniliprole SC). Although the use of the ecological plant protection
UAV has increased, its advantages lie in the fact that it causes no pollution and no chemical
damage.
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Table 8. Control effect of diamondback moth larvae in broccoli.

Treat ‘ Control Effect (%)
reatmen Day 1 Day 3 Day 7
a 357+33b 685+ 35b 764+41a
b 288 +44c 582 +3.7c 679+ 3.6Db
C 64.8+39a 771 +34a 792 +43a

The same lowercase letters in the same column indicate no significant difference in the control effect among
different treatments, p < 0.05.

4.4. Cost Effectiveness of UAV for Ecological Plant Protection

We assessed the manufacturing cost of the ecological plant protection UAV prototype,
which cost $6379 (USD), as shown in Table 9. The detailed cost of each component of the
ozonated water system is shown in Table 3. We selected 4 UAVs with a load capacity of
20-30 kg: V40 (XAG), XP-2020 (XAG), T20 (DJI), and T30 (DJI); their prices are $5369, $7569,
$5822, and $7278 (USD), respectively. Compared with the prices of these four UAVs, the
cost of our ecological plant protection UAV is in the middle.

Table 9. Cost of each component of ecological plant protection UAV.

Component Cost (CNY)
Flight control system 5500
Propulsion system (6 sets) 7130
Power system (4 batteries and a PDU) 8300
Ozonated water system 6698
Ground control system and data transmission 12,999
UAV fuselage 3200
Total 43,827 (CNY)/6379 (USD)

5. Conclusions

This paper describes an ecological plant protection UAV that will continuously pro-
duce and spray ozonated water during the flight, which is suitable for plant protection
operations in vegetable fields. This paper carried out the design of the ozonated water
system, the conceptual design of the UAV, and the structural strength analysis. Finally,
the pilot production and field tests were conducted. As a result, the hovering time of the
UAV could reach the design requirement of 10 min when it was fully loaded. The effective
spraying width (with a height of 2.0 m and a speed of 3.0 m/s) is 5.25 m. The control effect
test on broccoli diamondback moth larvae showed the ecological plant protection UAV
was used to spray ozonated water with a concentration of 17 ppm once a day, and the
control effect could reach 76.4%. It is proven that spraying 17 ppm ozonated water with the
ecological plant protection UAV can effectively prevent and control some pests at certain
concentrations. The ecological plant protection UAV can be used for plant protection in
fields and orchards, meeting the requirements for the prevention and control of common
diseases and pest larvae caused by harmful agricultural microorganisms such as bacteria
and fungi. In the future, our work needs to be improved, and we need to explore the
optimal spraying parameters for different crops and different pests and diseases. We also
need to study the impact of high-concentration ozonated water on crop yield and pest
reproduction.

6. Patents

A patent has been applied for and granted for this research. The patent issued as
Luxembourg Patent LU101533 [36] on 14 April 2020.
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