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ABSTRACT

Precision spraying is a technique that relies on a precisely
targeted metered delivery of a desired fluid. It utilizes sensors
and automation to optimize the application of chemicals. By ad-
justing the application rate in real-time based on specific crop
needs variable rate sprayers minimize chemical use, reduce en-
vironmental impact, and increase crop yield. In this paper, we
present a sprayer system for our in-house modular rover that can
administer fluid in a controlled manner. It offers discrete left and
right independent spray control, each within the range of 120-
400 L/h. Tests conducted in the field show the performance within
0.1-4.8 % of the commanded value. Furthermore, we lay out the
framework for a high-level sprayer-rover interface controller to
intelligently adapt and command the desired flow rates.

Keywords: Precision spraying, Variable flow rate, Prescrip-
tion fluid administration

1. INTRODUCTION

The advent of robotics and automation in the field of
agriculture helps in the emergence of novel techniques which
were previously impossible due to technical limitations and high
cost. Among others, precision spraying is one such domain that
is adopting technology to improve efficiency and emphasize
sustainable practices. Current research in the area of automated
sprayer systems includes automated vision-based weed detection
and targeted spraying [6—8]. These techniques have also been
implemented in a large production field showcasing the viability
of precision spraying [9]. Other notable work in the field of
variable rate precision sprayer shows the benefit of a model based
sprayer control an efficient means of chemical administration
[10-13]. One Smart Spray [2] from Bosch is a precision sprayer
system that leverages high-resolution cameras to detect weeds in
real time and spray herbicide only where needed, reducing the
use and cost of inputs for growers.
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In terms of type of spray vehicle, there are three broad cate-
gories namely, network of fluid lines laid in ground, aerial vehicle
[14], and self-propelled vehicle system. The work presented here
is a type of self-propelled system which is designed as a modular
subsystem to an existing rover system, referred to as Agbot [15]
developed in the Robotic Systems Lab. The motivation in design-
ing this sprayer system was to add on to the functionality of the
Agbot, which is designed in-house [15] at Santa Clara University.
This is one of the modular tools designed to integrate with the
Agbot, or other similar robotic platform [16], where the rover acts
as a support system for the sprayer module. Multiple pre-existing
systems were examined and are broken down into performance
factors in Table 1.

1.1 Ethical Implications

Agriculture is one of the areas where robots have started to
show their potential in various field operations [17, 18]. Labor-
intensive work profiles and challenging work conditions may be
addressed through robotic devices and potential co-exist during
the transition phase [19], thereby allowing laborers to be reallo-
cated to higher skilled work. Furthermore, the agriculture indus-
try itself faces a dramatic shortage of labor, leading to high labor
costs and unharvested crops [20, 21]. Robotic and automation
technology can also be used to expand the use of precision agri-
culture practices in order to lead to more efficient, cost-effective
and sustainable farming practices [22].

Whilst this sprayer design was created with the greater good
in mind, we acknowledge that it poses some ethical issues. Like
most things, automating the agriculture spraying process has both
positive and negative impacts. Some positive aspects include
decreasing health risk to farmers when spraying chemicals, de-
creasing the amount of heavy labor farmers have to perform,
and specified input control on how much is spraying each sec-
tion, minimizing waste. Some negative impacts include possible
displacement of labor, reduction of farmer’s autonomy, and a
potential increase of damaging impacts of agricultural runoff by
increasing production.
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TABLE 1: Analysis of pre-existing sprayer systems.

Manufacturer Performance

Leading Feature

Limitation Cite

See & Spray, Spray while moving ata speed of Cameras and Machine Learning No dual-product solution sys-
based precision weed targeting.

John Deere up to 19 km/h.

One Smart

Spray, Bosch Up to 95% application accuracy.

Weed targeting. Green on green &
green on brown performance. LED
lighting to spray night and day.

(1]

tem or split tank.

Limited to corn, soy, cotton,
sunflower and canola.

(2]

Bilberry, Reduces herbicide usage by 90%. Weed targeting Green on green & Greenon green & limited to cer- 3. 4]
Trimble Up to 25 km/h rover speed. green on brown performance. tain weeds and Grass. ’
Greeneye Reduces herbicide usage by 90%. Weed targeting, classifies weeds by ~Green on green & green on (5]
Technology Up to 25 km/h rover speed. species. brown performance.
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FIGURE 1: SPRAYER SYSTEM OVERVIEW.

1.2 Contributions
1. Modular sprayer system for the rover,

2. Test and validate the spray performance, and

3. Create a foundation for a prescription based spray controller.

2. DESIGN PHASE

During the early developmental phase we considered a
sprayer system with eight nozzles spread equidistantly to cover
a furrow width of approximately 1.5 meters. A single pump
was chosen as the main actuator to move the fluid. Each nozzle
receives the fluid from the common pump outlet with a solenoid-
plunger valve in series respectively. The valves can be com-
manded to a fully open or fully close position to control the flow
rate by modifying the width of each pulse. During the testing
phase we discovered that the highly discrete nature due to the low
valve-fidelity results in a spray pattern where there are large gaps
of no-spray zone. Additionally, the pump of choice is a positive
displacement pump which means the pump power directly relates
to the flow rate. This results in a highly coupled system where
flow rate of each nozzle affects one another.

Based on the lesson learnt from the previous work, we have
redesigned the system with key improvement to meet the design

requirement. The new design is explained in the subsequent sec-
tions. The system overview is split into four different subsections.
The first three subsections provide an overview of the mechan-
ical, electrical and software architecture of the sprayer module
followed by a description on the specifics of how the sprayer
module is integrated within the rover system in mechanical, elec-
trical and software sense.

2.1 Mechanical Sub-system

The mechanical sub-system consists of two systems: the
frame-structure and the plumbing. The frame structure serves
as the backbone of the sprayer system. It is assembled from
aluminum T-slotted rails. All of the subsystems are mounted
onto the frame structure The plumbing sub-system includes (1)
fluid reservoir, (2) positive-displacement pumps, silicone vacuum
seal tubing, and (4) modular Nozzle Units (NUs) as shown in Fig.
1 and Fig. 2. The NUs are composed of (3) key components: a
servo valve, a flow sensor, and a nozzle. NU 1, NU 2, and the left
pump constitute the left bank of the sprayer system. NU 3, NU 4,
and the right pump make up the right bank. Each bank operates
independently of the other: they only share the same reservoir
tank.
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FIGURE 2: SPRAYER SYSTEM FLUID CURCUIT DIAGRAM.

2.2 Electrical Sub-system

The key electrical subsystem comprises the pump, servo con-
trolled valve, and flow rate sensor. The two pumps are controlled
by a dual-channel (RoboteQ) motor controller. An Arduino Mega
2560 is the microcontroller of choice which controls the respec-
tive pump power, servo-valve, and receives the instantaneous flow
rate information from all four nozzle units. An onboard computer
(Jetson Nano) is dedicated to allow the information exchange be-
tween the sprayer and the rover system. The entire sprayer system
is designed to operate at 12 VDC which is provided by the rover.

2.3 Software Sub-system

Three functional systems exist within the software subsys-
tem: data acquisition, data display, and the controller. Real-
time flow rate data and pump power is recorded for each flow
sensor and each pump. It is stored in the Robot Operat-
ing System (ROS) bag data type. The aforementioned real-
time data is displayed in a serial monitor within the Arduino
IDE. A closed loop Proportional-Integral (PI) controller with a
feed-forward term is implemented for the sprayer system. The
source code for the sprayer system is maintained on Github at
https://github.com/irahulone/sys_sprayer.

flow rates
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FIGURE 3: SPRAYER AND ROVER SYSTEM INTEGRATION.

2.4 Sprayer-Rover Integration

In a bus and payload analogy, the sprayer system is the
payload which relies on the rover (the bus) to receive the necessary
support needed for the mission. The T-slot aluminium extrusion
based construction allows for a convenient mechanical integration

using off-the-shelf brackets. The sprayer and rover system, both,
uses ROS as the main control framework [15] which streamlines
the flow of data among various subsystems. Fig. 3 shows sprayer-
rover integration. The sprayer controller has access to the position
sensors, speed, vision system and other onboard data to compute
desired flow rate information.

3. CONTROL AND VALIDATION

This section focuses on the feedback control design to achieve
a desired flow rate followed by a series of field tests to validate
the performance of the system in the field environment.
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FIGURE 4: SPRAYER SYSTEM OPEN-LOOP NOZZLE FLOW RATE
LEFT AND RIGHT BANK TIME VARYING RESPONSE TO A RAMP
INPUT; VALVES AT 80%.

3.1 Control System Design

The reference inputs (or setpoints) to the system are the de-
sired flow rates for the left and right bank, g; and g, respectively.
Separate and unique mapping functions are used to convert the
desired flow rates into left and right pump powers, p; and p,.. for
each bank, shown in Fig. 5. The mapping function M maps the
pump power p to the actual flow rate g, with M; and M, depicting
left and right bank, respectively.

M : pr = qi, and (D
M, : pr— q,. 2

The maps are empirically determined by experimentation as
shown in Fig. 4. The desired flow rate signals are then summed
with the measured flow rates, creating resultant error signals for
the two banks. The error signal is then fed into a Proportional-
Integral controller shown in Fig. 5. The output of the left and
right bank controllers yield a pump power value. The pumps then
produce a flow rate, which is fed through the servo valves, flow
sensor, and nozzle; this ultimately outputs the measured flow rate.
The left and right pump powers are
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FIGURE 5: BLOCK DIAGRAM REPRESENTATION OF SPRAYER
CONTROL SYSTEM.

up = pr =M G+ (kper + ki, J e;), and 3)

Uy = pr=M;'qr + (kp,er + ki, J‘ er). 4)
where,

er =g —qi, and (5)

er=qr —{qr. (6)

3.2 Testing and Results

The sprayer is a closed loop system, delivering a desired
flow rate using a closed-loop controller. The performance of
the system is highly dependent on the accuracy of each flow
sensor. System performance verification was performed concur-
rently with system performance testing. The testing occurred on
a nearby farm in an environment that would likely resemble the
rover and sprayer system’s natural area of operation: one with
external factors such as wind, dust, and uneven, rocky terrain, as
shown in Fig. 6. The testing occurred while the rover was in
motion at a speed within the range of 0.1 m/s to 0.4 m/s.

Sprayer
Reservoir ) System

FIGURE 6: SPRAYER SYSTEM WITH ROVER IN A TEST FIELD.

In Fig. 7, the desired flow is set to 131 L/h for both left and
right banks. It takes the left and right bank approximately 8.5 s
to settle within a 15% error band. The reason behind the larger
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FIGURE 7: TOP PLOT SHOWS THE LEFT AND RIGHT BANK FLOW

RATE TRANSIENT RESPONSE TO A STEP DESIRED FLOW RATE

INPUT OF 131 L/h FOR BOTH LEFT AND RIGHT BANK. BOTTOM

PLOT SHOWS PUMP POWERS COMPUTED BY THE CLOSED-LOOP

CONTROLLER.

error band is because the system never fully settles below a 15%
error. This is likely due to limitations in the sensor’s resolution
and computation. The recorded flow rate data appears to take on
discrete values. In the steady state region of Fig. 7, the recorded
data takes on one of the following values: 113 L/h, 122 L/h,
131 L/h, and 140 L/h. This indicates that the resolution of the
sensor is roughly 9 L/h per bit. Given this finding, performing
root mean squared (RMS) calculations on the entirety of data
provides greater insight over the steady state behavior. The RMS
value for the left bank in Fig. 7 is 125.3 L/h, and the RMS
value for the right bank is 130.8 L/h. The RMS value is com-
pared against the desired flow rate of 131 L/h for both banks;
it equates to an error of 4.8% and 0.1% for the left and right
bank, respectively. The verification portion involved collecting
the dispensed water via collection bins and noting the total time
elapsed during the trial. Average flow rates for each bank were
then calculated by dividing the total volume of water collected in
the bins by the total time of the trial. Note that this method of
verification is prone to human error in measurement and reaction
time, resolution error in the analog measuring tools, evaporation
due to wind, etc. From the verification test, the calculated flow
rates are determined to be 133.4 L/h and 131.7 L/h for the left
and right banks, respectively. This amounts to an error of 1.8%
and 0.5% between the desired flow rates and averaged flow rates
of the system.

Further system performance testing is carried out for differ-
ent desired flow rates as shown in Fig. 8 and Fig. 9. In Fig.
8, the settling time for the system is shorter, and the error band
is smaller; for a 10% error band, the settling time is approxi-
mately 2.5 s for both banks. The RMS values are 353.4 L/h and
211.0 L/h for the left and the right bank, respectively. It equates
to errors of 1.8% and —0.4%. For the verification test performed
in Fig. 8, the desired flow rates are 360 L/h and 210 L/h, respec-
tively. The average flow rates are calculated to be 356.0 L/h and
211.8 L/h for the left and right bank respectively: yielding errors
of 1.1% and 0.8% Furthermore, in Fig. 9, a similar result can
be seen when the desired flow rates for the left and right banks
are swapped with the other. The settling time for 10% error band
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_ Zone 2 Flow Rate - Left: 360 Lih & Right: 210 Lih
400 : A e . - | [—Left Bank Flow Rate, q,
300 - ] 3, ——Right Bank Flow Rate, q
| i | - - Desired Left Flow Rate
- Desired Right Flow Rate

200 ot A=A == |

Flow Rate (L/h)

0 5 10 15 20 25 30 35 40 45 50 55
Time (s)
60
< —Left Pump, p,
g 40 ——Right Pump, P,
4
g20
S
a
0
0 5 10 15 20 25 30 35 40 45 50 55
Time (s)

FIGURE 9: TOP PLOT SHOWS THE LEFT AND RIGHT BANK FLOW
RATE RESPONSE TO A STEP DESIRED FLOW RATE INPUT OF
210 L/h FOR THE LEFT BANK AND 360 L/h FOR THE RIGHT
BANK. BOTTOM PLOT SHOWS PUMP POWERS COMPUTED BY
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is also approximately 2.5 s for both banks. The RMS values are
208.0 L/h and 353.4 L/h for the left and right bank, respectively.
This yields errors of 0.9% for the left bank and 1.8% for the right
bank.

In Fig. 9 the desired flow rates for the left and right bank are
210 L/h and 360 L/h, respectively. The average flow rates for
the left and right bank were 217.5 L/h and 352.3 L/h, amount-
ing to errors of 3.6% and 2.1%. The results from the system
performance tests indicate that the system is able to administer
the desired flow rate within a 4.8% RMS error margin. (i.e. RMS
flow sensor reading compared to the desired flow rate). The sys-
tem performance verification shows that the administered flow
rate is accurate to within a 3.6% error margin (i.e. the physi-
cal amount of water collected over a finite time compared to the
desired flow rate).

Figure 10 and Table 2 shows a performance test for a multi-
zone trial. Five arbitrary zones were created, each with different
desired flow rates. The multi-zone trial was performed while the
rover was moving at a constant speeds of 0.3 m/s. The zones
were advanced via button toggling through the rover joystick
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ik =1 - - Desired Left Flow Rate
Desired Right Flow Rate
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Time (s)

—— Left Pump, [
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FIGURE 10: MULTI-ZONE TIME RESPONSE.

TABLE 2: Zone-level flow rates (L/h).

Left-bank flow Right-bank flow
Des. Sen. Act. Des. Sen. Act.
131.0 1253 1334 | 131.0 130.8 131.7
2 360.0 3534 356.0 | 210.0 211.0 211.8
3 210.0 208.0 217.5 | 360.0 3534 3523

Zone

—

controller; this displays the potential ability to control the spray
parameters externally; in other words, the rover may be able to
control the spray parameters based on global positioning system
(GPS) data, light detection and ranging (LiDAR), or vision data
as shown in Fig. 3. GPS and mapping technologies could ensure
that chemicals are applied only where needed, reducing waste
and improving crop health. The performance of the multi-zone
run is consistent with what was seen in the step-input responses.
The settling time between zone transitions is between 2 to 3 s.
One notable exception can be seen in the plot during the initial
power up; the reason behind the larger than expected settling time
of the first zone is due to the pumps needing time to prime the
system. Left at rest for a sufficient amount of time, the water
drains downward and out of pumps, thus causing a larger initial
settling time.

4. CONCLUSION

We have designed and constructed a modular sprayer attach-
ment for the existing Agbot Rover which provides the necessary
infrastructure for the mission. The closed-loop controller of the
sprayer has been shown to be capable of administering the de-
sired flow rate within an error margin between 0.1% and 4.8%.
Lastly, a framework has been created between the sprayer and
rover which will allow for the exchange of information between
the two. The main purpose of the framework is to develop a
prescription-based controller.
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