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Control accuracy significantly affects the performances of boom sprayer. In this study, we develop a precise autocontrol technology
based on the vehicle speed feedback. We utilize the auxiliary antidrift system of wind-curtain type air flow and the variable spraying
control system for adaptive fertilizing and online measuring of working conditions. Experimental results demonstrate that the
variable spraying control system could keep the speed error less than 3%. The air flow significantly improves the penetration of
spraying, decreases the fog drip, and increases the pesticide utility. Benefitting from the auxiliary air flow, the average utility of
pesticide is improved from 26.76% to 37.98%. Additionally, the speed feedback control reduces the consumption of pesticide by

more than 12%.

1. Introduction

As an important technology for agriculture, spraying has
attracted increasing attention over the world [1-4]. Boom
sprayers can be employed for pesticide to reduce the threat
of diseases, insect pests, and weeds of crops. Till now, a set
of studies have been carried out to improve the perfor-
mance of spraying, including reduction of pesticide con-
sumption, decreasing the size of fog drip, and increasing
the penetration [5-7]. In general, precise plant protection
machineries are driven by electromechanical hydraulic sys-
tems and they are controlled through photoelectric systems.
As the development of the remote sensing (RS), the geogra-
phy information systems (GIS), and the global positioning
systems (GPS), which are always referred to as the 3S tech-
nology, the air flow antidrift technologies have been widely
used on the boom sprayer for higher control accuracy. Spe-
cifically, a set of parameters are collected online to achieve
intelligent control of spraying, for instance, pressure and
flow of pesticide [8-14]. In [8], a variable spraying control
system is proposed to recognize weed from pea seedling
images such that the intelligent weeding is realized. In [9],

the authors develop a suspended air-assisted system to
improve the performance of boom sprayer. In [11], a variable
spraying system is proposed by using multiple combined
nozzles for spraying. In addition, the geographic informa-
tion technology and higher pressure electrostatic spraying
technology are also applied for intelligent spraying. For
the control theory, various methods have been proposed to
improve the accuracy [15, 16], the speed [17, 18], and the
robustness [19, 20].

However, the study of boom sprayer still faces consider-
able challenges. First, the accuracy of control system is not
satisfied. Second, the reduction of pesticide requires further
improvement. To address these problems, in this study, we
develop a novel variable control system boom sprayer based
on the wind-curtain air flow and online inspection of work-
ing condition. We realize the online supervision of key
parameters of a spraying system, including the spraying pipe-
line pressure, the flow of pesticide, the residue of pesticide in
tank, and the traveling speed. The key parameters of work
quality, such as the working conditions of boom, are also
considered. Benefitting from the wind-curtain air flow anti-
drift technology, the penetration of spraying is improved,
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and the drifting of fog drip is increased. Hence, the pesticide
consumption is significantly reduced.

The remainder of this paper is organized as follows:
Section 2 describes the outline of the developed variable
control system. Section 3 introduces the proposed control
method. Section 4 provides the developed hardware and
software. Section 5 presents the experimental results and
analysis. Section 6 draws the conclusion.

2. Outline of the Developed Variable
Control System

In this section, we first describe the used variable boom
sprayer in this study. Next, we briefly introduce the outline
of the developed system.

2.1. Used Variable Boom Sprayer. The used variable boom
sprayer in this study is introduced as follows: The least power
is 45kW. The rated capacity of pesticide tank is 3000 L. The
spraying amplitude is 24 m. The wheel track is 1800 mm to
2200 mm that is adjustable. The ground clearance of nozzle
is 0.5m to 2.0m. The rated spraying pressure is 0.3 MPa to
0.5MPa. The adjusted range of the amount of pesticide
application is 150 hm? to 750 L/hm”. The control accuracy
of pesticide application is +5%. The work speed is 6 km/h
to 10km/h. The productivity is set to be larger than
12hm’/h. The overall size of the used mechanism is
5800 mm x 3750 mm x 3600 mm. As shown in Figure 1,
the variable control system is composed of the wind cur-
tain air flow antidrift system and the variable spraying
control system.

2.2. Outline of the Developed System. By online monitoring of
the working conditions, the variable spraying control sys-
tem is able to adaptively adjust the amount of sprayed pes-
ticide based on the traveling speed of the sprayer. For the
proposed control method, the setting value of the amount
of used pesticide for a unit area is first input into the con-
trol system. Then the control system carries out the moni-
tored travelling speed to compute the current amount of
pesticide for a unit area. Next, we compare the measured
value with the setting value. If the difference between the
compared values exceeds the threshold, the control system
will wake the actuator to automatically adjust the spraying
pressure. Based on this feedback, the actual amount of pes-
ticide used for a unit area, ie., the pesticide flow, can be
close to the expected value. Therefore, the precise spraying
is achieved.

With the on-broad advanced reduced instruction set
computing machine (ARM) controller, the work speed,
pipeline flow, and pressure can be acquired by sensors
through the controller area network bus (CAN BUS). The
data input by users are combined to compute the required
variables which are sent to the drive circuit. As a result, the
speed regulation of the DC motor of the electrical ball valve
is realized. The outline of the developed system is presented
in Figure 2.
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FiGURE 1: The used variable boom sprayer.

3. Proposed Control Method

The outline of the proposed control method is shown in
Figure 3. The system input parameters are the machine for-
ward speed value, and the output result is the flow value.

Assume that the entire farmland is divided into a set of
areas, and the pesticide consumption per hectare R (L/hm?)
is given by

| Qdt

R=60000——,
S

(1)

where Q denotes the instantaneous flow of nozzle (L/min)
and S denotes the actual spraying area (m”) that is given by

S=D J vdt, (2)

where D and v represent the width of the actual spraying area
(m) and the work speed (m/s), respectively. Combining (1)
and (2), we have

—dt. (3)

v

R= 60000 J Q
D

Therefore, we can estimate R in advance empirically. If D
is given, the nozzle flow Q is regarded to be proportional to
the instantaneous work speed v at a certain moment. To
ensure the variable R reaches the expected value, Q and v
should be kept proportional during the spraying.

For better atomization, we control the regular atomiza-
tion cone to be 110° by using the dual sector nozzle. The noz-
zle interval is equivalent to be or more than 50 cm based on
the requirement of the nozzle. The height of boom is gener-
ally 50 cm higher than the top of the crop. Combining the
above analysis, the width of the actual spraying area D (m)
can be expressed as

D=(m-1)L+2htana, (4)
where m denotes the quantity of nozzles, L denotes the

distance of adjacent nozzles, h represents the ground clear-
ance of nozzle, and « is the spraying angle of nozzle. For
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FiGure 2: Outline of the developed system.
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F1Gure 3: Outline of the closed loop.

the propsed closed-loop control method, when the current
flow is close to the target flow, the controller employs the
pulse width modulation method to reduce the speed of the
ball valve motor. The purpose is to reduce the overshoot
caused by the delay and reduce the adjustment time,
which is equivalent to reducing the delay characteristics
of the ball valve.

We use the PWM mode for motor control that is intro-
duced as follows: The ARM controller first calculates the
current feedback value according to the sensor acquisition
information and then makes a judgment based on the feed-
back value. Finally, the controller sends a corresponding
function code FC (function code). The function code is used
to control the polarity, on-off, and size of the ball valve input
voltage, thereby changing the DC motor motion state and
finally changing the ball valve opening degree. The FC can
be expressed as

Q- Q,
1,C, < R
s Sl
1Qp — Q4
FC=¢0,C, < <C,, 5
0 |Q| 1 ( )
1Qy — Q|
-1,0< /=2 < C,,
Q)

where Q, and Q,, denoted the theoretical value and the mea-
sured value of Q, respectively, C, is the maximum allowable
error of the system, and C, is obtained through the experi-
ments. For convenience of description, C, is hereinafter

regarded as a critical value, C. If FC =1, set the full speed
mode such that the ball valve motor rotates at full speed. If
FC =0, set the PWM mode such that the ball valve motor
speed is reduced. The ARM calculates the duty cycle in real
time according to the designed method. If FC = -1, The reg-
ulating valve does not move such that the flux is fixed.

The online flow is essential to the variable spraying. Spe-
cifically, it relates to the flow in the unit area and the accumu-
lative flow. Therefore, it is necessary to control the speed of
the regulator valve motor. In other words, when the motor
is closed to the expected angle, the PWM works to slow down
the speed. For the close loop control, the controller uses the
pulse width modulation to decrease the rpm of the ball valve
motor when the current flow is close to the expected value. It
is aimed at reducing the overmodulation due to the delaying.
The less modulation duration means the less delaying of the
ball valve. The motor rpm downward curve is given by the
antitrigonometric function, expressed as

flx)=

S taniyg tan (10 -20x) + tan™'10]. (6)
an

We discretize the curve to obtain the duty ratio that is
used to regulate the motor speed. As presented in Figure 4,
it can be noted that the rpm drops rapidly as the percentage
of time increases. We then calculate the residual between
the integration of the discretized curve and that of the origi-
nal curve, expressed as

IO red t

= 0.9996. (7)
fovblue t)dt

Therefore, the error of the discretizing operation is only
0.04%, which can be ignored in practical. The duty ratio
from the output of the drive circuit is directly selected from
the discretized curve.
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FIGURE 5: Speed reduction curves.

4. Hardware and Software of the
Developed System

In this section, we introduce the hardware and software of
the developed system, respectively.

4.1. Hardware. Our hardware system is mainly composed of
the on-broad ARM controller, the CAN collection module,
the wheel rpm detection module, the real-time flow detec-
tion module, the pressure detection module, the flow regu-
lator, the power supply, etc. As shown in Figure 5, the
central processing unit is Samsung Exynos 4412 ARM.
The base is mounted with the CAN receiving and sending
ports, input and output ports of touchscreen, the peripheral
collecting device, the changeover circuit, the drive module,
the electrical ball valve, etc. Consisting of PICI18F2580
microcontroller and VNH3SP30 chips, the drive circuit is

used to drive the regulator valve motor and to control the
rpm and direction of the motor.

The Exynos 4412 chip has low power consumption. The
Coretex-A9 Quad Core chips have enriched sources, includ-
ing the 1.4 GHz main frequency, 64-digit/128-digit bus, and
2GB of memory. There are ten functional modules, summa-
rized as follows:

(1) Storage and document modules
(2) Multicore computer unit

(3) Multimedia unit

(4) BUS

(5) Communication port

(6) Management of power supply modules
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FIGURE 6: Sensors and controllers: (a) speed sensor, (b) flow sensor, (c) pressure sensor, and (d) flow valve.

(7) System unit
(8) Safety module
(9) Audio module
(10) GPS/GLONASS subsystem

Each detection system and regulation unit are integrated
on the development board as a node that is connected to the
BUS with the CAN controller and receiver. The CAN net-
work sends the parameters in terms of the online wheel
speed, the flow, and the pressure. The speed detection sensor
utilizes the hall element to obtain the pulse frequency to
calculate the work speed. The real-time flow monitor is
in fact the turbine flow sensor. When the tested fluid flows
through the sensor vanes, the vanes begin to rotate, peri-
odically changing the reluctance of the pipeline. The pres-
sure monitor uses the diffusion-silicon pressure transmitter
to measure the pipeline pressure ranging from 0 to 1 MPa,
with the power supply voltage at 12~36 VDC, the precision
at £0.50%, and the two-wire output voltage signal from 0 to
5V. The output signal is connected through the port to the
CAN analog collection module. The real-time flow is con-
trolled with a flow control valve. In addition, the flow regula-
tor is composed of the electric regulator valve, the drive
circuit, and the power supply. The electric regulator valve
controls the fluid flowing from the valve body. The drive cir-
cuit of the regulator valve is employed to drive the DC motor
of the regulator valve and to control the speed and directions
of the DC motor. The power supply is 12 VDC. The installa-
tions are shown in Figure 6.

4.2. Software. The host computer is developed by using the
Qt SDK. As shown in Figure 7, the working conditions of
the sprayer are displayed in the left side of the window,
including the pipeline pressure, the forward-movement
speed, and the current amount of pesticide consumption. In
the middle of the window, the flow-time curve created by
the “Qt Widgets for Technical Applications” (QWT) is pro-
vided. The current time and the input of the sprayer param-
eters are presented in the right side of the window from top to
bottom, respectively. The internally calculated parameters
are dependent on the quantity of nozzles, the height of boom,
and the nozzle interval. The functional buttons are provided
in the bottom of the window, including “+,” “-,” “Auto, ”
“Manual, ” and “Start/Stop, ” which can be used to online
adjust the parameters for better working conditions.

The host and slave computers communicated the net-
work via the CAN BUS. As there is no CAN BUS port on
the PC, the CAN is first converted to USB, and then the PC
is connected with the CAN BUS network of the slave com-
puter. The network communication between host and slave
computers is realized by using the Secure SHell FileSystem
(SSHES).

5. Experimental Results

In this section, we present the experimental results and
analysis. First, we conduct the experiments to verify the
developed variable control method based on different work-
ing speeds. Second, we verify the reduction of pesticide
consumption.
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FIGURE 7: Software of the developed system.

TaBLE 1: Comparison between the actual speed and the speed of
control system.

Speed of control

Actual speed (km/h) system (km/h) Relative error (%)
4.55 4.42 2.9
6.64 6.79 2.3
7.21 7.36 2.1
8.56 8.32 2.3
10.85 10.96 1.0
19.54 19.85 1.6

First, we considered the accuracy of the speed control.
We conducted the experiments in the farming field and
the grazing field from a national agricultural hi-tech dem-
onstration zone. We set different working speeds during
the experiments. For each value of speed, the actual speed
and the speed of the control system were recorded. We then
calculated the relative tolerance between them. The results
are presented in Table 1. The results demonstrate that for
different speeds the relative tolerances based on all set
values are less than 3%. Thus, the accuracy of the monitor-
ing system is satisfied.

Next, we focused on the accuracy of spraying. Similarly,
we selected different working speeds and set different
expected consumptions of pesticide per area. For each set of
parameters, we recorded the theoretical amount of spraying
and the actual amount of spraying and calculated the spray-
ing error. The results are provided in Tables 2 and 3. It can
be noted that, benefitting from the proposed approach, the
spraying pressure can be tuned automatically, such that the
spraying error is controlled less than 5%, regardless of the
parameter settings. The results indicate that the accuracy of
working speed control and the spraying pressure control
could meet the requirements of agriculture production. The

results presented in Table 3 demonstrate the speed feedback
control reduces the pesticide consumption by 12.7% to
15.2% for different experimental settings.

Finally, we performed the experiments to verify the
reduction of pesticide consumption by using the proposed
control system. This part of experiments was conducted in
the corn field in Shaanxi farming and grazing farm. The line
spacing is 70 cm and the corn spacing is 20 cm. The leaf area
index (LAI) is 1.78. The environment for the experiments
is described as follows: The wind speed is 2~2.5m/s. The
temperature is 30°C. The used pesticide is the rhodamine B
(fluorescent tracer) with the concentration of 0.1%. Two con-
ditions are considered for the variable boom sprayer, work-
ing with and without the auxiliary air flow, which are
shown in Figures 8 and 9, respectively. For the variable boom
sprayer, the spraying pressure is 0.4 MPa. The working speed
is set to 6.7 km/h, and the air flow speed is 15 m/s.

To evaluate the efficiency of the spraying of the pesticide,
we defined the “pesticide utility,” denoted by P, as follows,

(8)

)
I
S

where A, represents the amount of pesticide deposited on the
crop and A, denotes the amount of consumed pesticide from
the sprayer. The results are presented in Table 4.

From the results, we can note that the proposed system
significantly increases the pesticide utility. It is mainly
because the wind-curtain air flow makes the pesticide more
penetrative and reduces the drifting of drips. With the auxil-
iary air flow, the average utility of pesticide for different
experimental settings is 37.98%. On the other hand, the
results based on the system without the auxiliary air flow
are only 26.76%. Therefore, we believe the proposed variable
boom sprayer is able to reduce the consumption of spraying
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TABLE 2: Results on the accuracy of spraying.

Nozzle model Set value of pesticide Working  Theoretical amount ~ Actual amount Measured Relative spraying
consumption (L/hm?®) speed (km/h)  of spraying (L/min) of spraying (L/min) pressure (MPa) error (%)
174 6.79 23.63 22.45 0.31 5.0
7.46 26.0 24.65 0.35 52
ST110-2 (yellow)
290 6.79 39.38 40.75 0.78 3.47
7.46 43.27 43.75 0.95 1.1
400 6.79 54.32 54.54 0.52 0.4
7.46 59.68 60.01 0.63 0.6
ST110-4 (red)
550 3.39 37.29 37.68 0.35 1.1
4.07 44.72 45.33 0.55 1.3
673 3.39 45.63 43.65 0.37 43
4.07 54.78 52.85 0.51 35
ST110-6 (grey)
750 3.39 50.85 50.75 0.48 0.2
4.07 61.05 61.65 0.67 1.0

TABLE 3: Results on pesticide consumption with the speed feedback.

Pesticide consumption

Nozzle Working (L/hm?) Pesticide
speed . reduction
model (k/h) The vehicle speed / (%)
feedback °
ST110-2 6 281 322 127
(yellow) 7 287 338 151
ST110-4 6 548 635  13.7
(red) 4 543 641 15.2
ST110-6 3 744 855  13.0
(grey) 4 743 860  13.6

FIGURE 9: Experiment without auxiliary airflow.

TaBLE 4: Results on pesticide utilization in maize fields.

Pesticide utility (%)

Nozzle ~ VMDDyso ~ esticide With  Without
consumption . .
model (um) 5 auxiliary auxiliary
(L/hm?) . .

air flow  air flow
ST110-02 234.2 163 35.51 19.34
ST110-04 289.6 274 36.36 26.06
ST110-05 337.7 355 38.13 28.46
ST110-06 369.8 372 41.93 33.20
Average / / 3798 2676
value

FIGURE 8: Experiment with auxiliary airflow.

fertilizing and online measurement of working conditions.
By using the developed variable spraying control system,
the speed error can be controlled within 3%. The air flow sig-
nificantly improves the penetration of spraying, decreases the
6. Conclusions fog drip, and increases the pesticide utility. Benefitting from

the auxiliary air flow, the average utility of pesticide is
In this paper, we propose a novel boom sprayer based on the ~ improved from 26.76% to 37.98%. Additionally, the speed
auxiliary antidrift system of wind-curtain type air flow. The  feedback control reduces the consumption of pesticide by
developed variable spraying control system achieves adaptive =~ more than 12%.

pesticide and reduce the environmental pollution by increas-
ing its pesticide utility.
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