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Abstract: To improve the precision spraying strategy and reduce excessive pesticide application in orchards, an air-assisted
sprayer integrated with a laser-scanning system was developed to realize the toward-target variable-rate spraying. In the spray
control system, a method of calculating canopy gridding volumes was designed to ensure that the canopy was divided into a
uniform grid size, a variable-rate spray model was used in the flow rate decision software to control the spray output according
to the canopy gridding volumes and travel speed, and a method of saving and accessing spray data was used to control the spray
delay. The effects of different grid sizes and travel speeds on the spray performance were evaluated by quantifying spray
coverage uniformity inside tree canopies. The results showed that spray coverage uniformity declined with increasing grid
width from 0.14 to 0.28 m although the mean spray coverage on each target location showed no significant differences.
Additionally, there were no significant variations in mean spray coverage at speeds of 1.0, 1.2 and 1.4 m/s for a tested tree of
1.6 m width and at any experimental speeds for a tested tree of 1.3 m width, which indicated that the variable-rate sprayer could
provide good spray coverage uniformity under various travel speeds with a canopy size limitation. Compared with the same
sprayer without the variable-rate spray function, the intelligent sprayer prototype realized effective toward-target spraying and
avoided overspraying while providing sufficient spray coverage.
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1 Introduction

Excessive pesticide usage in orchards caused by
overspraying!™® increases production costs and environmental
pollution.  With the development of variable-rate application
technology™, which is widely used in precision agriculture®™, the
goal of precision spraying for tree protection to decrease the
chemical dosage while providing effective pest control can be
achieved®.  Using a variable-rate spray system®!, compared with
conventional constant-rate sprayers, is an effective method to
reduce pesticide application in orchards.

In recent years, several variable-rate sprayer prototypes
integrated with laser-scanning sensors have been developed and
evaluated in orchard experiments. Chen et al. first placed a laser
scanning sensor into an air-assisted variable-rate sprayer in
20118121 and  realized canopy structure detection and
variable-rate spray application on one side. However, the spray
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volume could not adapt to match changes in travel speed. Liu et
al. 1 integrated a 270 °wide-range laser sensor and a travel speed
sensor into an intelligent sprayer to detect trees on both sides.
Test results indicated the sprayer was able to reduce pesticide use
by more than 50% compared with the constant-rate application.
With the improvement of the sprayer, a large number of orchard
experiments comparing against conventional spray application
were conducted by Zhu et al.’ The results showed that the
laser-guided sprayer used less pesticide than conventional
constant-rate sprayers and still achieved comparable levels of pest
control, which demonstrated the practicability of variable-rate
spraying based on laser sensor detection. However, because the
scanning period of the laser-scanning sensor was used to calculate
the spray width and the spray delay time compensation, the
calculation accuracy would be affected by the sprayer travel
speed™” ] as would the calculation accuracy of the nozzle flow
rates and the control accuracy for spray delay. Li et al.l?!
developed a laser-scanning variable-rate orchard sprayer to achieve
automatic profiling for spray application. The prototype
integrated solenoid valves and brushless fans to control the flow
rates and air volumes simultaneously based on the canopy volume.
The experiment was conducted under a 0.8 m/s travel speed and the
results showed that the control of air volume improved the spray
coverage uniformity on the backs of trees, and the minimum
number of droplets was 46.2 per cm?. However, the influence of
variable travel speed on the spray deposition™! or droplet density
was not mentioned.

In general, a method for calculating canopy gridding
volumes*>224 and nozzle flow rates and a method for spray delay
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control still need to be developed to improve the precision spraying
strategy. Additionally, the spraying accuracy still needs to be
evaluated when a laser-guided and variable-rate spray control
system is integrated into a traditional sprayer. The objective of
this research was to develop an algorithm for canopy gridding
volumes and nozzle flow rates and a method of spray delay control
to realize toward-target!*"! variable-rate spraying and to validate the
sprayer performance by analyzing spray coverage uniformity inside
tree canopies under various canopy grid sizes and travel speeds.

2 Materials and methods

2.1 Canopy grid model

A tree canopy can be uniformly divided into several height
ranges in the vertical direction. As shown in Figure 1, a group of
data points (Pj, Pij.1, et al) is formed when laser beams are
projected onto a tree canopy in one scan. The distance (dj) to the
tree row plane and the height (h;) of every data point can be
calculated according to the angle of every measurement in the
Cartesian coordinate system. The procedure for measurement
data preprocessing™® includes eliminating unneeded data beyond
the tree row plane and rearranging measurement data in order of
height. Then, every data point is distributed into a certain height
range (from H,_; to H,) according to its height value. ~After that, a
volume of point-based geometry in a height range (AH), defined as
the minimum grid volume, can be calculated when the
laser-scanning sensor moves forward and scans at a certain distance
(wm) every time. Thus, a grid volume comprising a certain
number of minimum grid volumes can be acquired with a certain
height (AH) and width (wy). In addition, to avoid a large result,
boundary values of the height range need to be eliminated in the
minimum grid volume calculation if the canopy grid is in the edge
area. The advantage of this method for calculating gridding
volumes is that the size of the grid width (W) is not affected by the
travel speed of the laser-scanning sensor. Therefore, the effect of
travel speed on the grid volume calculation precision can be
eliminated.

Tree row plane [ H,

Vi

Figure 1  Structure of a canopy grid volume
The formulas for calculating the canopy grid volume (V) are:
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where, k is the index of the canopy grid in the vertical direction; N
is the number of canopy grids in the vertical direction; i is the index
of the minimum grid in a canopy grid; m is the number of
minimum grids included in a canopy grid; j is the index of the data
point; n is the number of data points in a minimum grid; h; is the
height of an individual data point P, mm; wy, is the width of the
minimum canopy grid, mm; dj; is the depth of data point Pj;, mm;
Hy is the height of the upper edge of the canopy grid k, mm; Hy is
the height of the laser-scanning sensor, mm; D is the distance
between the laser-scanning sensor and the tree row plane, mm; R;
is the measurement data for data point Py, mm; o is the vertical
angle of the laser beam ij, (J; AH is the height of a canopy grid,
mm. Ny is the number of data points from one scan in canopy grid
k; and a and b are the discriminant factors of the upper and lower
edges of the canopy grid, respectively.

The minimum grid width can be determined according to the
sprayer’s working speed range (0.8-2.0 m/s) and the control
frequency (10 Hz in this study) of the pulse width modulation
(PWM), which was set to 0.07 m in this study. Therefore, the
variable-rate control system can achieve a regular canopy grid
width by setting the canopy grid width as an integer multiple of the
minimum grid width.

2.2 Variable-rate spray model

To realize variable-rate spraying, the spray output from a
nozzle needs to match the canopy grid volume as the nozzle
passes the canopy grid. According to the calculation formula
for the nozzle flow rate, the required flow rate (g, L/min) for the
corresponding nozzle is:

b _{Or(Nkl :0, Nk 750)

Q .60 = 60-u-Vi (6)
t m- At

where, Q is the required spray volume, L; t is the time needed to
pass a canopy grid; At is the time needed to pass a minimum
canopy grid, s; and u is the amount of liquid required to treat a
unit of tree canopy volume, L/m3. In this study, the spray rate
was set at 0.1 L/m® as recommended for orchards!®2%.

The nozzle flow rate was adjusted based on the PWM control.
The relationship between the nozzle flow rate and the duty cycle
for controlling the solenoid valve®! was obtained from a
calibration measured flow rates under different duty cycles. The
PWM duty cycle for adjusting the flow rate was limited to
between 10% and 60% to obtain a linear relationship because of
the tested nozzle flow characteristics. The flow rates from all
nozzles were averaged to obtain linear regression constants at
600 kPa spray pressure and 10 Hz frequency:

g=1.6X+0.44 @)
where, q is the flow rate of the sprayer nozzles, L/min; and X is
the duty cycle of the PWM signal, %.

The required duty cycle to ensure the nozzles discharge the
amount of spray needed to match the canopy gridding volumes
and the time spent passing each canopy grid can be determined by
combining Equations (6) and (7):

60-u-V, —0.44t
1.6t
2.3 Sprayer control system design

The sprayer control system (Figure 2) was mainly integrated
with a laser-scanning sensor (Model LMS111, SICK Inc.,
Germany), a speed-measuring device, a microcontroller, flow-rate
control units and an onboard computer.

q:

X = ®)
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1. Onboard computer 2. Laser-scanning sensor 3. Microcontroller and flow
rate control units 4. Nozzles 5. Solenoid valves 6. Speed measuring device
Figure 2 Sprayer control system integrated into the variable-rate
sprayer prototype

The laser-scanning sensor was mounted above the ground and
in the centerline between the sprayer and the tractor, and tuned to
send data from 541 measurements in a 270<radial range at 0.5°
angular resolution. It was used to collect tree canopy profile data
on both sides once whenever the onboard computer accessed it
through an Ethernet interface.

The speed-measuring device®? consisted of an inductance
near-switch, which was mounted on the suspension of the sprayer,
and a coding plate, which was mounted on a sprayer wheel. It
generated and sent pulse signals to the microcontroller when the
sprayer moved forward. Whenever it collected a certain number
of pulse signals, the microcontroller would send a scanning trigger
signal to the onboard computer. Therefore, the minimum canopy
grid width could be determined by the distance that the sprayer
moved forward between two scanning trigger signals.

The onboard computer (Figure 3), which worked as the main
processor for the variable-rate control system, was used to acquire
scanning trigger signals and measurement data, calculate and store
the canopy gridding volumes and corresponding flow rates,
generate the spray data, and release the spray data to the
microcontroller continuously.
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12 VDC tractor .
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Figure 3  Structural diagram of the spray control system

The spray data comprised the required duty cycles for each
nozzle according to the variable-rate spray model. When it
received a set of spray data, the microcontroller would separate the
spray data into pieces and then send each piece to the flow rate
control units through a CAN bus.  The flow rate control unit was a
compact  design  with an  integrated  microprocessor
(STM32F103ZET6) and a multichannel solid state relay module for
varying the flow rates of five nozzles simultaneously through
10 Hz PWM-controlled solenoid valves. All solenoid valves were
powered independently by a 12 VDC tractor battery to avoid other

electronic devices suffering from a sudden power failure or
surgel®261,
2.4 Method of spray delay control

Each set of calculated spray data needed to be saved before it
was sent out to control the flow rates of the nozzles at the target
spray position because the laser-scanning sensor was mounted in
front of the nozzles at a certain distance. To realize the spray
delay control function, two message queues were used to save the
scan positions of the laser-scanning sensor and the spray data,
respectively. The discriminant for judging when the nozzles had
arrived at their corresponding spray positions is:

l—lg>L 9)
where, L is the distance between the laser-scanning sensor and the
nozzles, mm; . is the variable of the current scan position of the
laser-scanning sensor, mm; and | is the first data set in the position
message queue.

The procedure for the spray delay control method was: when
the onboard computer received a scanning trigger signal from the
microcontroller, a set of minimum canopy grid volumes was
calculated.  Upon finishing a set of canopy grid volume
calculations, I, would add a grid width and be saved as the last data
into the position message queue. A set of spray data was
calculated and saved as the last data set into the spray message
queue simultaneously.  Then, the discriminant (9) would be
executed. If the difference between I; and I, was greater than L, |,
was removed from the position message queue. Meanwhile, the
first data set in the spray message queue was taken out and sent to
the microcontroller. The advantage of this method for
toward-target spraying is that the delay time for sending each set of
spray data is not affected by the travel speed of the sprayer.
Consequently, the stability of the control system is improved.

2.5 Software based on the visual C# program

The flow rate decision software!?”? (Figure 4) was developed
and installed on the onboard computer to calculate individual flow
rates for all nozzles depending on the variable-rate spray model in

real-time.
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Figure 4

Interface of the flow rate decision software

Before running the software, some scanning parameters such as
the row spacing of the trees, the installation height and the
minimum detection height of the laser-scanning sensor, the width
of canopy grids covered by nozzles, and the distance between the
laser-scanning sensor and the nozzles need to be set on the
interface. In this study, the trees on both sides were divided into
10 height ranges in the vertical direction according to the number
of nozzles on each side, and the canopy grid height was set at
0.25 m. After all parameters are confirmed, the ground travel
speed and gridding volumes of each scan are displayed on the
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interface in real real-time. The program flowchart of the software
is shown in Figure 5.

Set spray parameters on the
interface

Await the sprayer movement signal
transmitted from the microcontroller

¥

Ask for the measurement data
from the laser-scanning sensor

Update the message queues and send
spray data to the microcontroller

Nozzles arriv
Preprocess the measurement data 4z CSalLIve 5
at spray position?

Calculate the minimum canopy
gridding volumes of
bilateral trees

Calculate and save the spray data
and the current scan position in
message queucs

i

Show and save the canopy gridding

Complete the calculation
of the canopy gridding
volumes?

volumes on the interface

Figure 5 Program flowchart of the flow rate decision software

To determine the relationship between the pulse signal and the
scanning trigger signal, the speed-measuring device needs to be
calibrated according to the following procedures before spray
application. Firstly, a distance for calibration (e.g. 100 m) needs
to be set on the software interface. Then, the microcontroller
collects pulse signals when the sprayer moves forward. Finally,
the number of pulse signals is shown on a child window of the
interface after the calibration ends. After that, the number of
pulse signals collected to send one scanning trigger signal can be
modified from the software to the microcontroller. The
relationship between the minimum grid width and the number of
pulse signals (n,) collected for one scanning trigger signal is:
_ Np - Wi
D
where, D is the travel distance for calibration, m; and N, is the
number of total pulse signals accumulated during the calibration.

In addition, the sprayer travel speed (v, m/s) is acquired by
counting the time interval between two scanning trigger signals in
the software, as shown below:

n, (10)

vy = n
At
2.6 Sprayer system construction

The variable-rate sprayer was retrofitted based on the
“3WG-1200A” trailed air blast sprayer (Nantong Huanghai
Chemical Machinery CO., TLD, China) whose overall dimensions
were 3x1.3x1.5 m. The major components at the base of the
spray system were a 1200 L spray tank, a diaphragm pump (rated
speed was 600 r/min) and an axial flow fan, which was mounted in
a 2.2 m high spray tower. The sprayer was fitted with 10
hollow-cone nozzles placed 20 cm apart along a slot outlet on each
side. Each nozzle was connected to a solenoid valve through a
liquid pipe.

As shown in Figure 6, to realize toward-target spraying, each
nozzle needs to correspond to one canopy grid in the vertical
direction and is installed at a certain angle!®®. When the tree row
spacing and the height of the canopy grids changed, the install
angle of each nozzle needed to be adjusted before the pesticide
application.

(11)

Spray tower Spray clouds

Nozzle

>

D, 0 D,

Figure 6 Nozzle positions and install angles
The install angle of each nozzle is:

Ho+ 2" "L AH _H,
f=arctan 1 12)
Ds - =L,
2

where, S is the angle of nozzle orientation in relation to the
horizontal level, < n is the index of the nozzles; Hy is the height of
the first canopy grid lower edge, and the minimum detection height,
m; H, is the height of nozzle n above the ground, m; L, is the
distance between two nozzles installed at the same height, m; AH is
the height of the canopy grid, m.

The diameter of the axial fan was 0.67 m, the rated speed was
1800 r/min, and the airflow®! velocity of the slot outlet was faster
than 23 m/s when the rotation speed of the axial flow fan was
540 r/min to ensure spray droplets entered the tree canopies.
During spray application, the sprayer was pulled by a tractor with a
standard three-point hitch, and the tractor PTO-driven system was
used to power the diaphragm pump and the axial flow fan
simultaneously.  The axial flow fan propelled air toward a
bulkhead®™ and then turned the airflow 90° through the slot
outlet®32,  The pesticide was directed from the diaphragm pump
into the splitter and then directed into the nozzles through solenoid
valves and liquid pipes. The 10 nozzles on each side could be
activated by individual solenoid valves to discharge spray clouds to
cover a tree canopy height up to 3 m.

2.7 Field experiments

Spray tests were conducted in an experimental orchard in early
autumn (September 6, 2017) at the National Experiment Station for
Precision Agriculture located in Changping, Beijing, China, at 40°
1031" N and 116°26'10" E. Weather conditions during the field
tests were an average wind velocity of 3.8 m/s from the Southwest,
an ambient temperature of 8.5<C, and relative humidity of 56%.

To investigate the effects of various grid sizes and travel
speeds on the sprayer performance®, three cherry trees (Figure 7)
of different sizes were chosen to quantify the spray coverage
uniformity inside their canopies. The heights and maximum
widths of the trees were approximately 2.1 m and 1.6 m for tree 1,
1.7 mand 1.3 m for tree 2, and 2.6 m and 2.4 m for tree 3. The
distance from the laser-scanning sensor to the tree row plane was
2 m. The installation height of the laser-scanning sensor was
1.5 m. The minimum detection height was 0.5 m. The distance
between the laser-scanning sensor and the nozzles was 2.5 m.
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The grid width was set at 0.14, 0.21 and 0.28 m. Travel speeds
ranged from 1.0 to 1.8 m/s, and each test was repeated three times.

S

1.Treel 2.Tree2 3.Tree3 4. Poles between trees 5. Water-sensitive paper
Figure 7 Trees and WSP positions for testing the sprayer
performance

The performance of the variable-rate application was also
compared with the same sprayer model without the variable-rate
spray function. Only one side of each sprayer was used to
discharge water-only spray onto the target tree row. The rotation
speed of the axial flow fans was 540 r/min and the diaphragm
pumps were operated at 600 kPa. The flow rate of the nozzles
without PWM control was 1.4 L/min. Water-sensitive paper (30 <
75 mm, WSP) was fixed on the leaves to determine the droplet
coverage at different locations inside each tree canopy. The
locations of the WSP are shown in Figure 7 including the top,
bottom, left, right, front, middle and back of each tree. In addition,
WSP was also set at different heights between trees to test
off-target losses™ in the spaces between the trees.

A portable scanner (TSN450, Sky Light Electronic Limited,
Shenzhen) was used to acquire images of the spray deposits on
each WSP with 1200 dpi imaging resolution. The spray coverage
(% area of the WSP covered by spray deposits) was estimated from
the scanned images using the iDAS droplet coverage image
processing system?, which analyzed the deposition density,
droplet diameter distribution, coverage uniformity and application
rate of spray quality.

3 Results and discussion

The mean spray coverage of each target location inside tree 1
under different grid widths compared with the constant-rate
application is shown in Figure 8. It was tested at a travel speed of

1.0 m/s.
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Figure 8 Comparison of mean spray coverage at different grids
between the variable-rate sprayer and the constant-rate sprayer for
tree 1

The mean spray coverage on the front, middle and back target
locations of the tree were reduced because the front target location
was closest to the nozzles and the branches and leaves of the tree
blocked some of the spray droplets from reaching the middle and
back locations®’.  The coverage in these locations could be
improved by increasing the rotation speed of the sprayer axial flow
fan. The mean spray coverage on the top, bottom, left and right
locations were less than that on the front, indicating that the amount
of spray output corresponding to these locations matched the
canopy gridding volumes.

The mean spray coverage on all target locations was less than
with constant-rate application, especially in the spaces between
trees, demonstrating that the use of the laser sensor was an effective
way to avoid overspraying while providing sufficient spray
coverage and to realize on-target spraying!*" with high accuracy.
The spray coverage in the spaces between trees was mainly because
of droplet drift!*® and spray delay error*"4.

The results also showed that the mean spray coverage of each
target location was not significantly different when the grid width
increased. However, the standard deviation of the mean spray
coverage increased, which illustrated that the spray coverage
uniformity decreased with a larger grid width. This was mainly
because each target location was distributed in a different grid
during each test and the nozzle flow rate changed with a longer
distance. Additionally, the spray control system did not work
properly at high travel speed (>1.2 m/s) if the grid width was set
too small (<0.14 m) because the control system and solenoid valves
had insufficient response time to process the spray data and actuate
the nozzles, respectively, although it had better spray coverage
uniformity.  Consequently, the grid width needed to be set
depending on the sprayer’s working speed.

100
Il 1.0m/s
oo+ HH12m/s
1.4 s
80 F CJ1.6mis
B 1.8 m/s

70} HH Constant-rate 1.4 m/s
60
50

40

Spray coverage/%

30

20

Tree 1 Tree 2 Tree 3
Figure 9 Comparison of mean spray coverage at different travel
speeds between the variable-rate sprayer and the constant-rate
sprayer for three trees

The mean spray coverage of all locations on each tree (Figure
9) was also evaluated under different travel speeds when the grid
width was set at 0.21 m.  The mean spray coverage was consistent
at speeds of 1.0, 1.2 and 1.4 m/s for tree 1 and at all travel speeds
for tree 2. However, it generally decreased when the travel speed
increased from 1.4 to 1.8 m/s for tree 1, and at all travel speeds for
tree 3. This was because the flow rate range of the tested nozzle,
which was adjusted depending on the PWM duty cycle, was not
wide enough to adapt to the required flow rate of some tree canopy
section volumes at each experimental speed when the spray
pressure was 600 kPa. When the canopy gridding volumes
exceeded the flow rate range according to formula 8, the PWM



56  November, 2019 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 12 No.6

duty cycle was limited to 60% in the sprayer operation as
mentioned above. For tree 3, the mean spray coverage on the
middle and back target locations obviously decreased with
increasing travel speed because of its relatively dense foliage and
large size. This problem could be solved by increasing the spray
pressure or using a larger capacity nozzle®! to improve the
effectiveness of the variable-rate application.

These results indicated that the travel speed did not
significantly affect the spray coverage uniformity inside the trees
for the variable-rate application when the tree canopy was in a
certain size range. Compared with overspraying by constant-rate
application, the variable-rate sprayer could effectively reduce the
amount of spraying needed.

4 Conclusions

An intelligent sprayer prototype integrated with a
laser-scanning system was developed to realize the variable-rate
pesticide application depending on canopy gridding volumes and
travel speed. Additionally, a method of storing and accessing
spray data in a message queue was designed to realize
toward-target spraying. The spray coverage uniformity inside tree
canopies was evaluated at different canopy grid sizes and travel
speeds.

When the travel speed was 1.0 m/s, the mean spray coverage
on each target location showed no significant difference with
increasing grid width from 0.14 to 0.28 m, but the spray coverage
uniformity was reduced. Consequently, the canopy grid size
needed to be selected according to the sprayer’s work speed. The
mean spray coverage of the small-sized tree canopy (tree 2)
exhibited little variation at different speeds.  However, the
required spray output to match the canopy gridding volumes for
tree 1 from 1.4 to 1.8 m/s, and for tree 3 at all experimental speeds
was outside of the adjustable flow rate range for the tested nozzles
when the spray pressure was 0.6 MPa. Additionally, the mean
spray coverage on the front, middle and back target locations inside
the tree canopies were reduced. These problems could be
improved by increasing the spray pressure and rotation speed of the
axial flow fan or using a larger capacity nozzle. Furthermore, the
working speed should be limited to a reasonable range to ensure the
effectiveness of the variable-rate application.

Generally, in comparison with the constant-rate application, the
variable-rate sprayer was able to provide good spray coverage
uniformity under various travel speeds with a canopy size
limitation, reduce off-target losses and avoid overspraying while
providing sufficient spray coverage. Further evaluation of the
performance of the sprayer for trees at different growth stages and
comparisons with other sensor-based variable-rate application
systems will be conducted in future studies.
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