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Abstract

Nutrient application systems are designed to apply a relatively uniform
amount of a fertilizer to agricultural fields. However, considerable variation in
soil texture and other characteristics often occurs within and across produc-
tion fields, which could have a major impact on fertilizer management strate-
gies. Therefore, uniform application of a fertilizer over the entire field can be
both costly and environmentally unsound. Due to their rugged and fool-proof
design, crankshaft type piston pumps are widely used in agriculture. The
on-the-go outlet flow of these pumps can only be varied by changing the drive
shaft speed for each pump stroke setting. But only a limited range of flow
rates can be achieved by changing the drive shaft speed. There is a need for an
electronic controller, which can adjust the pump stroke on-the-go, for real-
time, variable-rate application of crop nutrients. The Clemson “Electro-me-
chanical controller for adjusting pump stroke on-the-go” was designed to re-
place the current manual stroke adjustment system on positive displacement
piston pumps. This affordable system can be retrofitted on most John Blue -
piston pumps for real-time adjustment of the pump stroke and can be con-
trolled using pre-described position sequences (map-based) or real-time sen-
sor commands (such as optical, pressure, and flow sensors) combined with
fertilizer calculation algorithms. In addition, it can adjust pump stroke ma-
nually, using an eclectic dial from the tractor’s cab.
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1. Introduction

Crop nutrient application systems are designed to apply a relatively uniform
amount of a fertilizer to agricultural fields. However, considerable variation in
soil texture, soil type, and other major factors often occurs within and across
production fields, which affect crop production and could have a major impact
on fertilizer management strategies. Therefore, uniform application of a fertilizer
over the entire field can be both costly and environmentally unsound. On aver-
age, growers in the USA apply about 100 kg/ha N for cotton, 160 kg/ha for corn,
and 100 kg/ha for wheat, for a total of 8.2 million metric tons just for these three
crops. Sensor-based, variable-rate fertilizer application has a potential to reduce
fertilizers application rates by half [1]. Even a 20% reduction in N use could save
cotton, corn and wheat growers over $1.8 billion annually.

Variable-rate positive displacement piston pumps are widely used for meter-
ing chemicals with high level of repetitive accuracy and are capable of pumping a
wide range of chemicals. These pumps have ability to vary capacity manually or
automatically as process conditions require. Variable-rate positive displacement
pumps are typically more energy efficient because flow and pressure (horsepow-
er) more closely matches load.

For axial positive displacement piston pumps, output flow can be varied by
changing the swash plate angle. This angle usually is changed manually with an
adjustable screw that can also be replaced by an electronic device. Several tech-
niques have been used for controlling the swash plate angle, and thereby the
outlet flow of these pumps automatically [2] [3] [4] [5] [6].

Crankshaft type variable-rate piston pumps (such as John Blue) are used
widely in agriculture, due to their rugged design (CDS-John Blue Company,
Huntsville, AL). Currently, there are over one million crankshaft-type positive-
displacement piston pumps in the USA, which are used by row-crop and hay
farmers for applying crop inputs. The outlet flow of these pumps can be changed
by adjusting pump stroke manually (“stop-and-go” system), using specific tools
provided by the company. The manufacturers also offer an optional “on-the-go”
system, but the outlet flow can only be varied by changing the drive shaft speed
for each pump stroke setting. In a previous study [7], a ground driven John Blue
pump was attached to a hydraulically-operated variable-speed motor, controlled
by a Rawson Control system (Trimble Navigation Company, Ukiah, CA). In this
study, the Rawson system controlled N rates by changing the shaft speed, based
on a prescription map, for each pump stroke settings. They reported errors in
application rates ranging from —16% to 34%, mainly due to the pump’s limita-
tions for applying the lowest and highest rates of fertilizer at a given stroke set-
ting. In 2009, the CDS-John Blue Company introduced a variable rate hydraulic
option, which can be coupled to any CDS-John Blue piston pump, and change
pump’s outlet flow (by changing shaft speed) on-the-go, from the tractor’s cab.
However, with these systems, only a limited range of flow rates can be achieved
by changing the drive shaft speed [8]. This limited flow range is not sufficient for
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applying variable-rate crop inputs in fields with tremendous amount of variation
in soil types, resulting in practice that is wasteful, costly, and environmentally
questionable.

A variable stroke-length pump, with an internal pinion gear and coun-
ter-rotating nested eccentrics, was described by Jones [9]. With this system,
drive gears are rotationally fixed to each of the eccentrics and geared to each
other through an intermediate pinion gear. An actuator is geared to the pinion
bracket that holds the pinion and can be actuated on-the-fly to alter the output
oscillation stroke length and flow rate of the pump. This controller is an internal
part of the pump and cannot be moved from one type of a piston pump to
another. Therefore, the objective of this project was to develop a controller that
could be retrofitted to growers’ existing piston pumps, which could adjust the

pump stroke on-the-go, for real-time, variable-rate application of crop nutrients.

2. Methodology

2.1. Design Specifications

The Clemson “Electro-mechanical controller for adjusting pump stroke on-the-go”
was designed to replace the current manual stroke adjustment system on positive
displacement piston pumps. The controller was designed according to several
design specifications where the system should be: 1) easily retrofitted on most
existing John Blue piston pumps for real-time adjustment of the pump stroke; 2)
controlled using pre-described position sequences, and could communicate with
GPS and any GIS software, such as “Farm Site Mate” (Farm Works Software
LTD), for precise and map-based application of products; 3) able to receive
real-time sensor-based commands, such as optical (GreenSeeker), pressure, or
flowmeter sensors, calculate the required crop input rates (such as N) using al-
gorithms, and adjust the pump stroke accordingly; 4) able to adjust the pump
stroke manually from the tractor’s cab, using a pre-calibrated electric dial; and 5)
a low cost option for farmers.

The controller consists of two main components: an electro-mechanical sys-

tem and an electronic control system.

2.2. Electro-Mechanical System

The output of a variable stroke, positive displacement, crankshaft type piston
pump (such as john Blue) can be adjusted manually by moving the “Setting
Pointer” of the pump (Figure 1) to a pre-defined position on the “Setting Hub.”
The pointer and hub are connected to the inner and outer eccentrics of the pis-
ton pump; therefore, this movement will result in a change in the pump’s stroke
length. The Clemson pump stroke controller-consists of a pair of nested male
and female spiral gears, in which one is connected to the Setting Pointer and the
other is connected to the Setting Hub (Figure 1).

A linear movement of one spiral gear with respect to the other spiral gear re-

sults in the rotation of the pump’s inner eccentric with respect to the outer
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Linear Actuator Setting Pointer

A

Figure 1. Schematic diagram of the spiral gears and the linear actuator, attached to a John

Blue pump.

eccentric; therefore, changing the pump’s stroke length and outlet flow. The
movement of the spiral gears with respect to each other is controlled by a linear
actuator. A 12VDC linear actuator (Concentric International, model: LACT2P),
with a 5-cm stroke and built-in potentiometer for position feedback, was used to
control the movement of the spiral gears with respect to each other. The actua-
tor’s motor has a 20:1 reduction gearbox that gives the actuator a dynamic load
rating of 50 kg and a maximum speed of 1.3 cm/s. Limit switches at each end
make the actuator easy to control over its full range of motion, while integrated
diodes allow it to reverse direction after reaching a limit point if the supplied
voltage is reversed. The actuator was coupled to the female spiral gear through
an actuator arm in a rotatable manner, using a bearing assembly, such that the
female spiral gear can rotate relative to the actuator arm. The other end of the
female spiral gear was attached to the outer eccentric of the pump. The female
spiral gear produces a rotation of the male spiral gear, which was coupled to the
pump’s inner eccentric, thereby adjusting the pump-stroke length. The linear
actuator was attached to the base plate on the pump. Figure 2(a) shows the
Clemson electro-mechanical controller, installed on a John Blue piston pump.
The proto-type controller system is installed on a commercially available KBH

fertilizer applicator (Figure 2(b)).

2.3. Electronic Control System

The electronic control module consists of a high performance, low-power 8-bit
microcontroller (Atmega644P, Atmel, San Jose, CA), which has 64 kilobytes of
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Figure 2. (a)The Clemson electro-mechanical controller, retrofitted to a John Blue piston
pump (b), KBH nutrient applicator.

program memory, 2 kilobytes of EPROM, and 32 programmable I/O lines. The
design of the electronic control module was based on the Clemson University’s
Intelligent Farm Controller (iFc) [10]. All components of the electronic control
module (Figure 3) were developed at the Edisto REC Sensor and Automation
Laboratory. Aside from controlling the linear actuator, the module has external
interfaces to both an NDVI sensor (Trimble GreenSeeker, Sunnyvale, CA),
through a RS232 and to a Personal Computer (PC) usinga Universal Serial Bus
(USB) connection.

The controller is also equipped with a one-turn potentiometer input (Poti),
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Figure 3. The electronic control module interconnectivity with different interfaces, actu-
ator, and feedback.

which provides a manual control for the actuator. The NDVI sensor interface
allows automatic adjustment of the linear actuator based on the NDVI sensor
values, while the PC interface allows map-based control, using PC-based soft-
ware.

The linear actuator (Figure 4(a)) has a built-in potentiometer, which provides
a position feedback. The position feedback was connected to one of the Analog
to Digital Converter (ADC) pins (10 bit) of the iFc, and was converted into per-

centage in terms of the full stroke of the actuator (swing) as:

swing(%):%z":wexloO% (1)

The same equation was used to calculate the potentiometer input (Poti) for
the manual control (Figure 4(b)). This will provide consistency in terms of dif-
ferent potentiometer maximum values as it was normalized based on the maxi-
mum ADC values of the microcontroller. The control box provides a simplified
menu at startup for the user to choose:

e Manual—provides the user with an eclectic dial (potentiometer) located on
the box, which can be used to manually control the displacement of the actu-
ator from the tractor’s cab (Figure 4(b)). This action will adjust pump stroke
length and N rates manually.

e Sensor—provides an automatic displacement of the actuator based on an
optical-sensor reading (such as NDVI values from a GreenSeeker optical
sensor). It can also be controlled using inputs from an electronic pressure
sensor or inputs from a flowmeter.

e PC—provides automatic displacement of the actuator based on the
map-based program connected to the USB of the electronic control box. The
N prescription maps can be uploaded on a rate controller such as Trimble,
Raven or Agleader monitors, as a well as an onboard computer (PC) inside
the tractor’s cab.

The “Manual” control does not drive the actuator directly based on the se-
lected percentage of displacement (potentiometer), instead it will take the input

€

percentage and will wait until the user presses on the keypad before it will

start changing the position.
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Potentiometer

Figure 4. (a) Linear actuator and (b) electronic control box.

The “Sensor” control is used to control pump stroke and N rates based on an
optical-sensor readings and N algorithms developed at Clemson University, for
selected crops [1] [7] [8]. The N algorithms require information (such as plant-
ing date, NDVI from a N rich strip and from the field, and max expected yield)
to calculate the appropriate amount of side dress N needed under given condi-
tions (previous crop, soil texture, rainfall, etc.). The electronic control box has a
Real Time Clock module, model DS3231M (Maxim Integrated, San Jose, CA),
which provides an accurate date and time. This information is used for the algo-
rithm to calculate the number of days from planting to sensing. After the user
inputs all the required data for the algorithm, the electronic control module will
then calculate the amount of actuator displacement based on the real-time sen-
sor value generated by the GreenSeeker. The USB interface will also display any
information passed by the sensor to the electronic control box.

The “PC” control provides a direct communication to the electronic control
box through the USB interface. The command to change the displacement is
“rt %”. Valid % values range from 0 to 100 and are also displayed on the LCD
screen whatever was received from the PC. The rate values from a N prescription
map are converted to percent of the full stroke of the actuator.

The firmware for the controller was written in the embedded C language, to
handle all communications (interfaces, actuator, and feedback), to convert
NDVI values to N rates, and control the actuator. The change in actuator’s
stroke length would translate in a change in piston pump’s stroke length and

pump’s outlet flow.

2.4. Field Tests

System performance tests were conducted under actual field conditions. The first
test was conducted to determine the accuracy of the electric dial for changing the
pump’s stroke length compared to manually adjusted pump stroke (using special

tools provided by the manufacturer). Tests were replicated four times for each
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pump settings. A simple device was developed to collect N samples during the
field test. A 3-way solenoid valve was inserted at the discharge end of each
chemical hose. In normal solenoid mode the system applied N to the row crop.
By energizing the solenoid, N was directed into a collection bottle installed at
each row of the applicator. Samples were collected for 30 m and the measured
rates of N from manually and electronically controlled systems were compared.

In addition, the Clemson electro-mechanical controller was used to apply dif-
ferent rates of N under field condition. Six target rates (3, 45, 67, 90, 120, and
163 kg/ha) were selected for the controller’s performance test. Each test was rep-
licated four times. Again, N samples were collected for 30 m using the 3-way so-
lenoid valve system. The target and actual measured N rates were compared to
determine the accuracy of the system.

The statistical analysis was conducted using the SAS software (Version: 9.4;
SAS Institute Inc., Cary, NC, USA). F-values from analysis of variance were con-
sidered significant at a probability level of 0.05. When sources of variation were
significant, means were separated by calculating a least significant difference
(LSD).

3. Results

The system closely followed the design specifications described in the Metho-
dology section. The results of field test showed an excellent correlation (R* =
0.9999) between pump outlet flows collected either by manually adjusting the
pump stroke or using the Clemson Controller (Figure 5).

The Clemson Controller closely followed the assigned target N rates. The re-
sult of variable-rate N application accuracy tests is given in Figure 6. There was
an excellent correlation between the targeted and measured N rates with an av-
erage overall error of less than 0.5% and maximum absolute error of 2%. This
indicates that it is possible to match N rates with the spatial field variability to

reduce fertilizer inputs and expenditures.

180 1

y =14.481x + 1.0073 N
150 - R? = 0.9998 78

120 1

y =14.371x + 1.5875
R? =0.9999

Nitrogen rate (kg/ha)
o ©
o o

--8-- Clemson Controller
30 1

—&— Manual Control

0 2 4 6 8 10 12
Pump setting

Figure 5. Correlation between pump outlet flows collected either by manually adjusting
the pump stroke or using the Clemson controller.
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Figure 6. Correlation between targeted and measured N rates for the Clemson electro-
mechanical controller.

The controller also successfully converted the GreenSeeker NDVI data into N
rates, using the Clemson N algorithms, and controlled actuator’s travel distance
with similar accuracy of electric dial tests. It was also easy to enter “User Inputs”
into the controller, using the keyboard on the controller box. The system also
displayed the NDVI values and N rates on the controller’s display.

4. Discussion

The Clemson electro-mechanical controller for adjusting pump stroke on-the-go
was designed to replace the current manual stroke adjustment system on positive
displacement piston pumps. This new design will enable growers to apply ferti-
lizers where they are needed in a production field at optimum rates to increase
crop yields, reduce production costs, and eliminate the negative impact of
chemical on environment. The Clemson electro-mechanical system offers sever-
al advantages:

e The new device is as accurate as the current manual stroke adjustment sys-
tems (Figure 5).

e The system can be retrofitted on several existing John Blue piston pumps,
using four bolts.

o Fertilizer rates can be adjusted from the tractor’s cab manually, while driving
through the field. This option is not available with the current manual stroke
adjustment systems.

e Growers can develop a fertilizer prescription map for their production fields
based on previous crop yields, soil texture maps, or soil electrical conductivi-
ty data. The prescription map then can be used to control the pump stroke
on the go to apply fertilizers site-specifically, which cannot be done with the
current manual systems.

e In contrast to the existing manual adjustment system, the electro-mechanical
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controller, can receive signals from several commercially available sensors
(such as a pressure sensor, optical GreenSeeker sensor, or a flowmeter). For
example, in the GreenSeeker sensors, the controller utilizes fertilizer calcula-
tion algorithms, previously developed for wheat, corn, and dryland or irri-
gated cotton, to determine the optimum rate of the fertilizer, and adjust the
pump strokeon-the-go to apply right amount of fertilizer where it is needed.
This option is currently not available with the manual systems.

One disadvantage of the Clemson electro-mechanical system is the require-
ment of a rate controller (such as Trimble, Raven, or AgLeader monitors), when
using the prescription map option. This option will require uploading of the
prescription map into a rate controller; however, these rate controllers are not

required with other options (Ze., sensor-based or manual electric dial).

5. S ummary

An electro-mechanical controller was developed for adjusting pump stroke
on-the-go to replace the current manual stroke adjustment system on positive
displacement piston pumps. The system closely followed the design specifica-
tions described in the Methodology section. This affordable system could be re-
trofitted on most existing John Blue piston pumps for real-time adjustment of
the pump stroke. The system could be controlled using pre-described position
sequences (map-based) or real-time sensor commands (such as a pressure sen-
sor, optical GreenSeeker sensor, or a flowmeter) combined with fertilizer calcu-
lation algorithms. In addition, the system could adjust pump stroke manually
from the tractor’s cab using an eclectic dial. There was an excellent correlation
(R* = 0.9999) between pump outlet flows collected either by manually adjusting
the pump stroke or using the Clemson Controller. Also, there was a very good
correlation between targeted and measured N rates with an average overall error
of less than 0.5% and maximum absolute error of 2%. Therefore, this system can
be successfully used to match N rates with the spatial field variability to reduce

fertilizer inputs and expenditures.
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