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Abstract: Anti-sway performance is one of the most important factors that affect the stability of unmanned aerial vehicles
(UAVSs). In this study, an anti-sway performance testing method and an evaluation formula for pesticide tanks were developed,
which could facilitate the design and application of pesticide tank. The detection device mainly comprises a testing stand, a
mounting and testing part, and a driving and control part. In the testing method, P (maximum pressure) measured by a
barometer and t (fluctuation recovery time) measured by a high-speed camera were used as evaluation indexes. With the aim
to determine the optimal position of the pressure detection device and the optimal filling ratio, four representative pesticide
tanks were involved in this study. The results showed that the optimal position of the pressure detection device was at the
middle position on the tank wall, halfway up from the bottom, and the optimal filling ratio was 0.8. Using P and t as
evaluation indexes, a comprehensive evaluation formula was developed based on these tests: S=0.7P; +0.3t.. Anti-sway
performance of pesticide tanks was evaluated by a comprehensive score. A disk pesticide tank with a baffle was determined to
be the best among the four types of pesticide tanks, showing a score of 1. The scores of the other three pesticide tanks were
0.500, 0.428 and 0.612, respectively. These results indicated that the baffle structure in the pesticide tank and the radian
design of the tank wall can effectively improve the anti-sway performance of a pesticide tank. The proposed detection device
and test method are simpler and more intuitive compared to other approaches in evaluating the anti-sway performance of
pesticide tanks in spraying UAVSs, and they can be used as a reference to guide the design of pesticide tanks and the stability

evaluation of spraying UAVSs.
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pesticide tanks in spraying UAVS.

1 Introduction

With the development of agricultural aviation technology in
China, the use of spraying unmanned aerial vehicles (UAVS) has
increased over time. However, compared with some developed

countries, agricultural aviation in China remains in the early stage™.

With the popularization and wider application of UAVs for
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Design and anti-sway performance testing of

pesticide spraying, problems regarding the safety and stability of
UAVs are gradually emerging®®®.  Liquid sloshing in the pesticide
tank is one of the main factors affecting the stability of UAVH,
Currently, most studies have focused on the distribution of droplet
deposition™®!, control effect after spraying™®, design of spraying
systems®*°!, and remote sensing technology in relation to spraying
UAVs2 - However, only a few studies have investigated the
anti-sway performance and evaluation of the pesticide tank. Most
of them focused on optimization based on the appearance and
structural design of the pesticide tank(.  Moreover, no
research on the detection devices and testing standards for the
anti-sway performance of pesticide tanks in spraying UAVs was
reported.

The pesticide tank is a key part of spraying UAV, and these
pesticide tanks exhibit a great variety of shapes and structures.
When a UAV needs to be stopped rapidly due to environmental
factors (such as a gust of wind) or a head-turn during the spraying
operation, the force in the flight direction and the vertical direction
would be strengthened and produce a shock effect due to the inertia
effect of the liquid®®. The pressures in two directions would
cause strong tensile or extrusion stress on the pesticide tank wall,
which causes the entire aircraft to show harmful acceleration in
these two directions™™. To eliminate the harmful effects of
acceleration and maintain the stability of the aircraft, the flight
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control unit needs to detect and respond these changes quickly.
To deal with the shock effect, on the one hand, the flight control
unit and the flight execution part of the whole aircraft need to be
highly responsive, which not only increases the load of the
components of the aircraft, but also increases the manufacturing
cost. On the other hand, when the shock effect is beyond the
adjustment range of the flight control unit, controlling the attitude
of the aircraft becomes difficult, which may cause the UAV deviate
from its intended route, show reduced work efficiency, or even
crash?®1 Therefore, technology to measure the anti-sway
performance of the pesticide tank is very important for enhancing
the safety and stability of spraying UAVS.

Liquid sloshing refers to the phenomenon in which liquid with
a free interface moves in a limited space™™. Liquid sloshing was
mainly studied by theoretical analysis®?*?Y, experimental
analysis???®, computer simulation analysis?*®, etc.  Such
research has mainly focused on liquid sloshing in large pressure
vessels, such as oil tankers®27 and spacecraft®?%,  This paper
presents an anti-sway performance detection device to simulate the
motion state and force characteristics of a pesticide tank in a UAV
during spraying. Based on test results, an anti-sway performance
detection method and an evaluation formula for pesticide tanks
were developed, which could be used to guide the design and
application of pesticide tanks.

2 Design of the detection device

Experimental studies on liquid sloshing have been mainly
based on methods to simulate the actual force characteristics of oil
tanks, fishing boat oil tanks, and spacecraft, such as scale-model
experiments®3Y drop tower experiments®?*¥, and aircraft
parabolic flight tests®¥. The proposed anti-sway performance
detection device for pesticide tanks in spraying UAVs comprises a
test table, a mounting and measuring part, a drive control part, and
a transmission part, as shown in Figure 1.

1. Test table 2. Mounting and measuring part

3. Drive control part
4. Transmission part 5. Slide 6. Connecting plate 7. Measured tank
8. Switching power supply 9. Servo driver 10. PLC controller
11. Synchronous belt  12. Coupling 13. Servo motor

Figure 1 Schematic of the anti-sway performance detection
device for pesticide tanks in spraying UAVs

The test table is made up of an aluminum plate which is used
for fixing the specimen to be tested and for support. The
mounting and measuring part includes a connecting plate, a slider,
a measured pesticide tank, and several sensors. A pesticide tank
is fixed on the slider with the connecting plate so that the pesticide
tank can be moved in a straight line on the slide rail. The drive
control part includes a servo driver, a PLC controller, a switching
power supply, and other components. The whole device adjusts
the speed and displacement distance of the pesticide tank by
adjusting the frequency output of the PLC controller. The

transmission part is composed of a synchronous belt, a coupling,
and a servo motor. The servo motor drives the synchronous belt
by the coupling.

3 Evaluation index and detection method

In the process of UAV spraying, the greater the pressure of
liquid sloshing, the greater the required control range of the flight
control unit and the easier of the aircraft’s yaw, crashing, etc. The
longer the fluctuation recovery time after liquid sloshing, the longer
is the impact time on the stability of the aircraft. Therefore, the
maximum pressure and the fluctuation recovery time were selected
as evaluation indexes of anti-sway performance to evaluate the
effect of liquid sloshing on the safety and stability of the UAV.

3.1 Maximum pressure detection

The simplest and most direct method for measuring the
pressure caused by liquid sloshing is to measure the pressure value
on the pesticide tank wall. Common pressure sensors are large;
while thin-film pressure sensors are small, but their water
resistance performance is poor. It is difficult to fix these two
types of sensors on the pesticide tank wall, and the pesticide tank
might be damaged. To resolve this problem, we used an indirect
measurement method in which the pressure difference is measured
by pressure sensors. The pressure sensor is connected to the
measuring point on the pesticide tank wall by a hollow tube.
Liquid sloshing squeezes the air column, which changes the
pressure; the measured pressure at that time is the relative pressure.

The measurement and installation methods are shown in Figure
2. The pressure-detection device is a closed box consisting of a
barometer and PVC materials. It is connected to the measuring
point by the hollow tube, and liquid sloshing squeezes the air
column. At the beginning of the test, the barometer needs to be
zeroed out to make sure the initial pressure difference is 0. The
measured pressure at this time is the relative pressure. We can
evaluate the anti-sway performance of various pesticide tanks by
comparing their maximum pressures.

Liquid Tevel

1. Pressure detection device 2. Connecting plate 3. Hollow tube 4. Liquid
5. Opening (measuring point)
Figure 2 Detection principle and installation method of the
pressure detection device

3.2 Fluctuation recovery time detection
Fluctuation recovery time refers to the time needed for a liquid

to move from a fluctuating state to a stationary state.  In this work,
a high-speed camera was used to record liquid fluctuation, and
Equation (1) was used to calculate the fluctuation recovery time:

n

t=— 1

g M
where, t is the fluctuation recovery time; n is the number of
photographs taken by a high-speed camera during liquid fluctuation,
and f is the number of frames per second, fps.
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3.3 Comprehensive evaluation formula

Both the maximum pressure and the fluctuation recovery time
affect the anti-sway performance of a pesticide tank in a spraying
UAV; a single index is insufficient for assessment. Therefore, a
comprehensive evaluation method is presented in this paper. At
present, the main multi-index comprehensive evaluation includes
15 evaluation methods, such as the analytic hierarchy process
weighted method™, artificial neural network method®® and
comprehensive index method®).  The choice of weight
coefficients includes 12 methods, such as expert consultation

weightst®!, factor analysis weights®, and independence weights“?.

According to the characteristics and requirements of the anti-sway
performance testing, the comprehensive index method was
employed as the comprehensive evaluation method, and the expert
consultation weight method was used as the method of determining
the weight coefficient in this paper.

The comprehensive index method is simple in principle and is
easy to be operated®. The main operation steps are appropriate
indicators selection, weights determination, formula establishment
and calculation. Then, for comparison, index syntheses were
performed according to the method of multiplication of similar
indexes and the index of heterogeneous indexes to obtain the index
Svalue. The calculation is as follows:

Index formula of high-level indicator:

Y. = L )
] M i
Index formula of low-optimal indicators:
Y. = & (3)
Fox

Final index calculation formula:

=0T @
where, X; is the tested actual indicator value; M; is the selected
standard indicator value, and Y; is the calculated index.

Therefore, during the process of comprehensive evaluation, the
minimum value of the low-quality index is taken as the standard
value in this paper. At the same time, the weights of the
maximum pressure and the fluctuation recovery time obtained by
the expert consultation weighting method are 0.3 and 0.7,
respectively.  Combining Equations (2)-(4) with the weight
coefficient, the evaluation index expressions of the three types are
obtained as Equation (5).

5=0.7P;+0.3t; (5)
3.4 Teststeps

The steps in the testing process are briefly summarized as
follows.

1) The pressure-detection device was installed on the pesticide
tank for measuring. Then the pesticide tank was fixed on the
slider with the connecting plate.

2) Liquid was added into the measured pesticide tank, and the
barometer was adjusted to zero.

3) The computer, data transmitter, USB serial port, and data
transmission receiver were connected to ensure the accurate data
receiving.

4) The high-speed camera was turned on and focused on the
pesticide tank, and the relevant parameters were adjusted.

5) The speed and distance were set by the PLC controller, and
the servo motor was switched on. The data of the maximum
pressure (P,) and the fluctuation recovery time (t;) were obtained.

6) Steps 2) and 3) were repeated, and the data were obtained as

follows: P4, Py, Ps,..., Py, and ty, t, t3,..., to;

7) The average of 10 groups of repeated tests was calculated.
Then P and T was used to calculate the comprehensive evaluation
formula to obtain S.

8) The test pesticide tank was replaced with another specimen,
and the steps were repeated.

4 Prototype and test

4.1 Anti-sway performance detection device
4.1.1 Prototype and control system

Based on the schematic diagram of the anti-sway performance
detection device (Figure 1), a prototype of a testing device was
fabricated, as shown in Figure 3.

Figure 3 Prototype of the anti-sway performance detection device
for pesticide tanks in spraying UAVs

During device operation, the PLC controller outputs pulse
signals with various frequencies to the servo driver to control the
operation of the servo motor. The servo motor is connected by
the coupling to the sliding rail of the synchronous belt, and the
mounting part of the pesticide tank is connected to the synchronous
belt slider. Thus, the speed and displacement distance of the
pesticide tank can be controlled by adjustment of the rotational
speed and working time of the motor, as shown in Figure 4. The
process of the pesticide tanks contains three continue phases as
follows: accelerated motion, uniform motion, and braking
deceleration.

The parameters of the device are shown in Table 1.

Power supply Power supply

Pulse signal v Control Caupling
Pl o Sarvo Servo Tunk
controfler driver moto moving

Synchronous belt

Figure 4  Process of controlling tank movement

Tablel Parameters of the anti-sway performance detection
device
Parameter Specifics
Length/m 4
Servo motor Panasonic MHMJ042G1U
Drive model MBDKT2510E A5l1
Power/W 400
Rotational speed/r min™ 5000
Max load/kg 20
Speed/m s 0-20 (2 m st is chosen)

4.1.2 Maximum pressure detection device
The pressure on the pesticide tank wall caused by liquid
sloshing is the most important factor that negatively affects the
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safety and stability of UAV operation. The smaller the maximum SR e s T ST g eie s
4 W SWOWGRI Y Uy ,

pressure is, the smaller the degree of interference with the flying
attitude; hence, the better the anti-sway performance of the
pesticide tank is. Therefore, a pressure detection device was
introduced which was designed with a barometer and a hollow tube
in this paper. Using the detection method and installation position
shown in Figure 2, the pressure difference was measured by the
barometer, and the pressure difference indicated the maximum
pressure of the liquid. The pressure detection device mainly
comprised a data transmitter, hollow pipe, barometer, gas tank,
USB serial port, and data transmission receiver, as shown in Figure
5. The pressure measured by the barometer was transmitted to the
computer by the data transmitter module and the USB serial port.
Then the maximum pressure was recorded by the software.

Figure 7 Software interface

1 2 3
s / 4.2 Measured pesticide tank of spraying UAV

: { Because the levels of stress are different at different heights on
S the pesticide tank wall®?, variation of the filling ratio also affects

i the fluctuation recovery time of the liquid. To select the best
measurement position for the pressure detection device and the best
filling ratio for fluctuation recovery time detection, four types of
representative pesticide tanks were tested, as shown in Figure 8.

The volume of all pesticide tanks is 8 L.

! \

1. Data transmitter 2. Hollow tube 3. Barometer and gas tank 4. USB serial
port 5. Data transmission receiver

Figure 5 Pressure detection device

4.1.3 Detection device of fluctuation recovery time
The high-speed camera used in this study was a Fastcam series
. a. Double-column tank
model manufactured by the Huotulong (Shanghai) Company. It o e————
includes a mainframe engine, a camera, a light source, a o
transformer, an optical cable, and a power line. The maximum
resolution is 12801024 pixels, the maximum frame rate is 210 000
frames. 50 image frames were taken in each test in this study was,
and the resolution was 1024x=1024. Substituting Equation (6) the
fluctuation recovery time was calculated as
n
t= =0 (6)
where, t is the fluctuation recovery time in seconds, and n is the
number of photographs taken by the high-speed camera during
liquid fluctuation.
Screenshots of test method and related software are shown in
Figures 6 and 7.

¢. Conical tank

Iy

d. Disk pesticide tank with baffle
Figure 8 Four UAV pesticide tanks

4.3 Optimization of measurement position for the maximum
pressure test

To explore the effect of the measurement position on the

maximum pressure test, three measurement points were selected,

they were at the bottom (1/3), middle (1/2), and top (2/3) of the

' pesticide tank, respectively. The travel speed of the pesticide

Figure 6 Fluctuation recovery time detection method tanks was 2 m/s, and the travel distance was 4 m. Each pesticide
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tank was measured 10 times, and the average of 10 pressure values
was calculated, as shown in Figure 9.

279 I o
; WA Middie
- Boliom

300

2304

Max pressure/mbar

50+

Tank type

Figure 9 Maximum pressure at three measurement positions

To determine whether the results measured by the pressure
detection device reflect the anti-sway performance of the
considered pesticide tanks, the values for each pesticide tank were
taken as samples. There was a total of four sample sets, and
variance analysis were conducted by SPSS, as shown in Table 2.

Table 2 Results of variance analysis for maximum pressure of
four measured pesticide tanks

Sum of Squares  df ~ Mean Square F Sig.
Between Groups  256225.650 3 85408.550  236.606 .000
Within Groups 20214.533 56 360.974
Total 276440.183 59

As seen in Table 2, sig=0.000<0.01; therefore, there were
significant differences between the pressures measured for the four
types of pesticide tanks. Thus, the results indicated that pressure
measured by the pressure detection device can be used as an
evaluation index of anti-sway performance of pesticide tanks.

To select the best measurement position, variance analysis of
the detection results obtained for the four types of pesticide tanks at
three measuring positions was conducted by SPSS. The best
position for pressure measurement was determined by comparing F
values. The bigger the F value was, the greater the differences
between the results measured for the four types of pesticide tanks,
as shown in Table 3.

Table 3 Results of variance analysis for maximum pressure
at three measuring positions
Measuring positions Sig. F
Top 0.000 5722.293
Middle 0.000 6060.896
Bottom 0.000 2013.859

The variance analysis showed the following relationship:
Friddie>Fiop>Frottom-  IN Other words, when the middle of the
pesticide tank wall was selected as the measurement position, the
measured results showed significant differences. Therefore, in
order to evaluate the anti-sway performance of pesticide tanks in
spraying UAVs better, the sensor should be placed at the middle of
the pesticide tank wall before testing.

4.4 Optimization of the filling ratio for fluctuation recovery
time testing

To explore the impact of the filling ratio on the fluctuation
recovery time test, filling ratios of 0.4, 0.6 and 0.8 were set up.

The travel speed of the pesticide tank was 2 m/s, and the travel
distance was 4 m. Each pesticide tank was measured 10 times,
and the average of 10 results was calculated as the fluctuation
recovery time, as shown in Figure 10.

22.56 I 4 fill ratio
J e VZ4 0.6 fill ratio
LS

- 0.8 fill ratio

Fluctuation recovery time's

Tank type

Figure 10 Fluctuation recovery time of various filling ratios

To determine whether the fluctuation recovery time measured
by the high-speed camera can distinguish the anti-sway
performance of various pesticide tanks, the values for each
pesticide tank were taken as a sample. There was a total of four
sample sets, and variance analysis was conducted by SPSS, as
shown in Table 4.

Table 4 Results of variance analysis of fluctuation recovery
time for four measured pesticide tanks

Sum of Squares  df  Mean Square F Sig.
Between Groups 1863.654 3 621.218 338.099 0.000
Within Groups 102.894 56 1.837
Total 1966.547 59

As seen in Table 4, sig=0.000<0.01; therefore, there were
significant differences between the fluctuation recovery times for
the four kinds of pesticide tanks. Thus, the results demonstrate
that the fluctuation recovery time measured by the high-speed
camera can be used as an evaluation index of the anti-sway
performance of pesticide tanks.

To optimize the filling ratio, variance analysis of the detection
result obtained for the four kinds of pesticide tanks with three
different filling ratios were conducted by SPSS. The best filling
ratio was selected by comparing t values, as shown in Table 5.

Table 5 Results of variance analysis for fluctuation recovery
time at three measuring positions

Filling ratio Sig. F
04 .000 1279.059
0.6 .000 1258.007
0.8 .000 3049.685

The variance analysis results showed the following relationship:
tog>to4>tos.  In other words, when the filling ratio was 0.8, the
fluctuation recovery time of the four kinds of pesticide tanks
showed significant differences.  Therefore, to evaluate the
anti-sway performance of pesticide tanks in spraying UAVSs better,
the filling ratio should be 0.8 before testing.

45 Test results of anti-sway performance of four pesticide
tanks

The above experiments and analyses demonstrated that the
maximum pressure measured at the middle position and the



January, 2019

Zang Y, etal. Design and anti-sway performance testing of pesticide tanks in spraying UAVs

\Vol. 12No.1 15

fluctuation recovery time can be used as evaluation indexes of the
anti-sway performance of pesticide tanks. The test results
obtained for the four kinds of pesticide tanks are shown in Table 6.

Table 6 Liquid sloshing test results obtained for four kinds of
UAYV pesticide tanks

Tank type Max pressure/mbar Fluctuation recovery time/s
A 149 17.96
B 255 11.44
C 113 2157
D 81 7.75

1) It can be observed that Pg>P,>P:>Pp from Table 6. That
is, considering the effect of liquid sloshing on the stability of UAV,
pesticide tank D showed the best anti-sway performance, and
pesticide tank B showed the worst.

One possible explanation is that the shape of pesticide tank B
is the longest of the four types of tanks. It has a greater speed
when the liquid in the rear reaches the front of the pesticide tank
wall. Moreover, there is no radian treatment on the pesticide tank
wall. Also, it has a larger accumulated liquid volume when the
pesticide tank tilts in one direction. Therefore, the pressure
produced by the liquid sloshing is the greatest. However, in
pesticide tank D, the baffle structure in the pesticide tank is larger,
and radian treatment is conducted on the pesticide tank wall, so the
pressure produced by the liquid sloshing is the smallest.

2) It can be seen that te>ta>tg>tp from Table 6.  Considering
the effect of action time of liquid sloshing on the stability of UAV,
pesticide tank D showed the best anti-sway performance, whereas
pesticide tank C showed the worst.

A possible explanation is that pesticide tank B is the longest.
Therefore, the effect of the sloshing is reduced when the liquid in
the pesticide tank hits the front wall of the tank and then dashes
onto the liquid from behind the wall of the tank. However,
pesticide tank D, which has a baffle structure and curving walls,
can eliminate some of the sloshing effect.

A comprehensive evaluation formula of pesticide tanks was
developed to compare the anti-sway performance of various kinds
of pesticide tanks more conveniently.  The comprehensive
evaluation forms are shown in Table 7 based on the Equation (5)
and Table 6.

Table 7 Comprehensive evaluation form

Max pressure Fluctuation recovery time

Tank Total
type Indexed result Weight ratio  Indexed result Weight ratio score
A 0.53 0.43 0.5
B 0.32 0.68 0.428

0.7 0.3
C 0.72 0.36 0.612
D 1 1 1

5 Conclusions

Based on the stress characteristics of pesticide tanks in
spraying UAVSs, the design of a detection device was presented in
this paper for anti-sway performance testing of pesticide tanks.
The test conclusions can be summarized as follows.

1) The best measurement position to assess anti-sway
performance of a pesticide tank was determined. The pressure
difference at the middle position of the pesticide tank wall was
measured by the pressure detection device, and the pressure caused
by liquid sloshing in various pesticide tanks could be compared.
At this position, the results showed significant differences. The

maximum pressure measured at the middle position can be used as
an evaluation index of anti-sway performance of pesticide tanks.

2) The best fill ratio to assess the anti-sway performance of a
pesticide tank was also determined. The fluctuation recovery time
of the liquid in a pesticide tank with the filling ratio is 0.8 was
measured by a high-speed camera. With this filling ratio, the
fluctuation recovery time of the liquid caused by sloshing in
various pesticide tanks could be compared. With this filling ratio,
the results showed significant differences.  The fluctuation
recovery time can be used as an evaluation index of the anti-sway
performance of pesticide tanks.

3) The stability of four kinds of representative pesticide tanks
was compared in this study. The anti-sway performance of the
disk pesticide tank with a baffle was the best. Its minimum
pressure was 81 mbar, and it had the shortest fluctuation recovery
time of 7.75 s. This may be attributed to the fact that increasing
the baffle structure in the pesticide tank and radian treatment on the
pesticide tank wall effectively improves the anti-sway performance
of pesticide tank. However, the length of a pesticide tank also
influences its anti-sway performance. As the length increases, the
pressure increases, but the fluctuation recovery time is reduced.
Therefore, in order to select the proper length, further tests are
required.

4) The following comprehensive formula for the anti-sway
performance evaluation of pesticide tanks was proposed in this
paper: S=0.7P;+#0.3t;. The score of the disk pesticide tank with a
baffle was 1. This was the highest score among all tanks
considered in this study, and it indicates excellent anti-sway
performance. Comprehensive scores calculated by the proposed
formula can be an important basis to evaluate the anti-sway
performance of pesticide tanks in spraying UAVs. It provides a
theoretical basis for the evaluation of their safety and stability
performance.

In comparison with simulation analysis, the anti-sway
performance of pesticide tanks can be evaluated more simply and
intuitively by the method presented in this paper. The proposed
detection device has the advantages of a simple mechanical
structure, convenient installation, low cost, and strong applicability.
However, only four typical types of pesticide tanks were
considered in this study. Another limitation of this study was the
lack of variety of pesticide tank materials and internal fillings in the
pesticide tank. Therefore, further experimental study is required.
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