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Abstract

Crop producers utilize agricultural sprayers equipped with modern technologies such as
pulse width modulation (PWM) system that can manage flow at nbyzt®zzle, thus have the
potential to provide greater resolution for section control and reducingerttieronmental
contamination. The introduction of precision technologies such as the PWM system has obvious
benefits to the producers; however, a greater understanding of system functionality and operational
accuracy is required for adoption and implemeotatOne of the greatest challenges is to manage
nozzle level target application rate for large getipelled systems during active section control
and ground speed transitions. Therefore, this study was conducted to quantify the PWM system's
performanceunder reaworld operating conditions, with a goal to develop knowledge for
producers to accurately implement this technology and suggest technology improvements for
manufacturer's. A methodology was established to conduct sisteirevaluation of the P
system both in laboratory and field settings. In the laboratory setting, the pressure and flow
dynamics of three commercially available PWM systems (Capstan PinPoint, John Deere
ExactApply, and Raven Hawkeye) were evaluated. On the other hand, fisld/éestconducted
using a New Holland SPF370F and Case Patriot 4440 agricultural sprayer to evaluate the PWM
system's performance in varying field conditions. Both sprayers were equipped with a Raven
Hawkeye PWM system and had a 36.6 m boom width. Novéltars techniques were developed
to generate a high spatial contsaction level mapping of system performance parameters to
guantify advantages and instances of application rate errors.

Laboratory test results show that different PWM systems proviéfedest pressure drops
when applying different application rates and pressures. The pressure drop was unique for different

PWM systems, and it significantly increased with the increase in the application rate for three



systems. The pressure drop couldyvilre nozzle flow rate, which may significantly impact the
application rate, thereby reducing the product efficacy. A pressure drop greater than 70.0 kPa from
the target application pressure could cause the flow rate to vary beyond £10.0% error. The three
PWM systems also had an ON/OFF latency before attaining the target application pressure and
inherent fall time before the system stops spraying after the solenoid valves close. These latencies
could increase the error, particularly when using a systemoffeattes at a higher frequency.
Moreover, the PWM systems operated at stable pressures for less than the specified duty cycle
time may have resulted in the inaccurate nozzle flow rate observed during the study. The tests were
conducted with a specific nple, however, it is very much possible that different nozzles might
also exhibit different magnitudes of pressure drop.

In the field tests, the PWM system maintained the target application pressure within the
acceptable range for 77.0% to 89.0% of theetimdicating its ability to provide the application
rate within the £10.0% error. The pressure CV was below 5.0% for most of the time, signifying a
consistent pressure between boom sections during operation. These results were significantly
improved fromusing a flowbased system when applying the product at similar settings wherein
it only operates for 32.0% of the time within the £10.0% error. The droplet size spectra deviation
when using a PWM system could occur mainly due to the improper nozzleweldtte system
may deliver consistent droplet size spectra if the selected nozzle provides the desired droplet size
within the wide range of application pressure thus, providing uniform product application. The
systems' ability to manage pressure and tmavide uniform droplet spectra is particularly
important for nozzle flow rate management and managing drift potential.

Moreover, the duty cyclaccuracy withint5.0% wadowerin fields with irregular shapes

and varying terrainl2.0%) than in a rectangad field with relatively flat terraing4.0%). Accurate



duty cycle implementation is the key to achieving an accurate application rate; therefore newer
approach as implemented during these tests might be executed to quantify control system response
enhancments. The applicationate accuracy withirt5.0% error was alstower in irregular
shaped fields1(0.0% of the time) than the rectangular field6.0% of the time). Furthermore, the
PWM system varied the duty cycles on the inner and outer boom sectied twa each control
section's ground speed at various turning radii. The turn compensation functionality significantly
reduced the application errors on curvilinear passes, ¢ffestively controlling pests and
minimizing pesticide resistanemdenvironnental damage

In conclusion, crop producers will continue to adopt new liquid application technologies
such as the PWM system to improve product application efficiency. However, operators should
understand the system component and control system respmasbgeve desired performance in
the varying field and operating conditions to reduce the application errors. Future research and
development on nozzle pressure monitoring, flow dynamic optimization during the application
cycle, and new sensor integratitor accurate duty cycle implementation might be considered to
refine realtime nozzle flow management to truly realize the concept of precision agriculture to

reduce application error, pesticide resistance, and environmental pollution.
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Abstract

Crop producers utilize agricultural sprayers equipped with modern technologies such as
pulse width modulation (PWM) system that can manage flow al&bg-nozzle, thus have the
potential to provide greater resolution for section control and reducing the environmental
contamination. The introduction of precision technologies such as the PWM system has obvious
benefits to the producers; however, a greahderstanding of system functionality and operational
accuracy is required for adoption and implementation. One of the greatest challenges is to manage
nozzle level target application rate for large getipelled systems during active section control
and ground speed transitions. Therefore, this study was conducted to quantify the PWM system's
performance under realorld operating conditions, with a goal to develop knowledge for
producers to accurately implement this technology and suggest technoipgyéments for
manufacturer's. A methodology was established to conduct siesteirevaluation of the PWM
system both in laboratory and field settings. In the laboratory setting, the pressure and flow
dynamics of three commercially available PWM systef@apstan PinPoint, John Deere
ExactApply, and Raven Hawkeye) were evaluated. On the other hand, field tests were conducted
using a New Holland SPF370F and Case Patriot 4440 agricultural sprayer to evaluate the PWM
system's performance in varying field cdarmhs. Both sprayers were equipped with a Raven
Hawkeye PWM system and had a 36.6 m boom width. Novel analytical techniques were developed
to generate a high spatial contsaction level mapping of system performance parameters to
guantify advantages amastances of application rate errors.

Laboratory test results show that differ®WM system$provided different pressure drops
when applying different application rates and pressures. The pressure drop was unique for different

PWM systems, and it sigmantly increased with the increase in the application rate for three



systems The pressure drop could vary the nozzle flow rate, which may significantly impact the
application rate, thereby reducing the product efficacy. A pressure drop greater tHePasfodin

the target application pressure could cause the flow rate to vary beyond £10.0% erthre@he

PWM systems also had an ON/OFF latency before attaining the target application pressure and
inherent fall time before the system stops spraying tfeesolenoid valves close. These latencies
could increase the error, particularly when using a system that operates at a higher frequency.
Moreover, the PWM systems operated at stable pressures for less than the specified duty cycle
time may have resulted the inaccurate nozzle flow rate observed during the stuytests were
conducted with a specific nozzle, however, it is very much possible that different nozzles might
also exhibit different magnitudes of pressure drop.

In the field tests, the PWMystem maintained the target application pressure within the
acceptable range for 77.0% to 89.0% of the time, indicating its ability to provide the application
rate within the £10.0% error. The pressure CV was below 5.0% for most of the time, signifying a
consistent pressure between boom sections during operation. These results were significantly
improved from using a flovibased system when applying the product at similar settings wherein
it only operates for 32.0% of the time within the +10.0% error. Tbpldt size spectra deviation
when using a PWM system could occur mainly due to the improper nozzle selection. The system
may deliver consistent droplet size spectra if the selected nozzle provides the desired droplet size
within the wide range of applidah pressure thus, providing uniform product application. The
systems' ability to manage pressure and thus provide uniform droplet spectra is particularly
important for nozzle flow rate management and managing drift potential.

Moreover, the duty cycle acacy within £5.0% was lower in fields with irregular shapes

and varying terrain (12.0%) than in a rectangular field with relatively flat terrain (54.0%). Accurate



duty cycle implementation is the key to achieving an accurate application rate; therefere new
approach as implemented during these tests might be executed to quantify control system response
enhancements. The application rate accuracy within +5.0% error was also lower in kregular
shaped fields (10.0% of the time) than the rectangular field8%gl6f the time). Furthermore, the
PWM system varied the duty cycles on the inner and outer boom section based on each control
section's ground speed at various turning rddie turn compensation functionality significantly
reduced the application erromn curvilinear passes, thuffectively controlling pests and
minimizing pesticide resistanemdenvironmental damage

In conclusion, crop producers will continue to adopt new liquid application technologies
such as the PWM system to improve productiiagfion efficiency. However, operators should
understand the system component and control system responses to achieve desired performance in
the varying field and operating conditions to reduce the application errors. Future research and
development on rezle pressure monitoring, flow dynamic optimization during the application
cycle, and new sensor integration for accurate duty cycle implementation might be considered to
refine realtime nozzle flow management to truly realize the concept of precisiacubigre to

reduce application error, pesticide resistance, and environmental pollution.
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Chapterl-l nt roducti on

1.1 Background

The global population is projected itacrease to 1@ billion by 2100 (United Nations,
2019) This projectionis going toraise the demand for food, fiber, feed, and energie
agricultural sector nesdo boostits production to ensure enough food supply to thevoo
population. It has been a common practice among crop producers in the U.S. to apply an extensive
amount of pesticides to protect crops from pests and diseases and increase crop thel@917
U.S Environmental Protection Agency report, abouillion poundsof pesticides werepgplied
globally while crop producersn the U.Sutilized over 1.1 billion pounds annually in 2011 and
2012 (Figure 1.1), with herbicides accounting for the biggest portitmeaisagéAtwood et al.,

2017)
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Figurel.1l. World and U.SesticideApplied in 2012 byl'ype (Atwood et al.,2017)



This volume accounted for $56 billion and $ 9 billion of pesticide expenditures worldwide
and in the U.S in 2012, respectively

The pestiale application increases in areas wherein crop prodpescenc-till farming
(Luck et al.,2011)s i n ¢ eomindntdé spray more than twice to minimize weed gravihe
advantages of pesticide application have been undeniable. However, the inappropriate application
of these chemicals may present a threat to human health and the environment (Sharda&t al., 201
NicolopoulouStamati et al., 2016WHO-UN, 1990). Agricultural chemicals are resistant to
degradation and may easily volatilize and may remain on the soil surface for a longer period and
therefore susceptible to surface +ufifi (Larsonet al.,1995)and leachingVan Der Werf., 1996)
Balsari et al. (2009) and Panneteh al. (2001) estimated that more than 45% of applied
agricultural chemicals missed the target and-@mgbolluting the surface and groundwater. In a
survey conducted by Pimentel et al. (2014), the excessive application of pesticides contaminated
10% of tre community wells and 14% of the rural domestic wells. Therefore, it is important to
evaluate the efficiency at which these chemicals were applied, considering the enormous amount

of product applied and the investments involved.

1.2 Agricultural Sprayer

The continuous development of agricultural production techniquesihgpove the soil,
water, nutrient, and pests management to increase the crop yield pofari@lltural sprayers
have become more efficient in applying pestisidkie to technologal advancemeatin
computes, sensors, and actuasolt had changed how the farmers and applicators apply pesticides

on the field. Employing spraygrequipped withthesesensor technologies ithe chemical



application mayotentiallyimprove crop qualityand yield (Sharda et al., 2013; Popp et al., 2013;
Chen et al., 2012).

A sprayer isanequipment that is utilized to apply pesticides on crops. Agricultural sprayer
varies intypes andizes from pulled-typesprayergFigure 1.2.apnd seHpropelled ung (Figure
1.2.b)with boom widths ranging from4to 140e et dependi ng on its desi
system composed of several parts and components that work together tinajgplyect product

rate on the crops based the product label spefications

www.wyliesprayes.com

(a) o (b)
Figurel.2. PulledType (a) andself-Propelled (b)Agricultural Sprayer.

A typical agricultural sprayezomprise®f different major componentscludingthe tank,
pump, plumbing system, control valve, pressure relief valve, boorroffindlve, and nozzldo
deliver the product to the targ&igure 1.3). The spray system is expected to apply the agricultural
chemicals to the field uniformlyThis can be achieved by selecting a nozzle based on the target
application rate and desired operating speed. The application pressure can be set using the control
valve to deliver the target nozzle flow rate. The sprayer is calibrated to apply the prothuatly

across the fieldhy ensumg that the target application pressisenaintainedo deliver the right



flow rateand droplet sizeThe nozzles are replaced once the ftate exceeded the 10% threshold

of the expected flow rate.
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Figurel.3. BasicComponents oRAgricultural Sprayer

The application accuracy depends on the proper systdioration ad the operator's

driving skills during operationElectronic spray control systems were developed to minimize the

operator errors and errors caused by varying operating speeds. These type of systems is now

commonly used to manage the applmatrate during speed transitions.

1.2.1 Flowbased system

A flow-based control system regulates the flow to vary the rate. It is commonly employed

in agricultural spray application because it is easier to manage than piessedesystems. The

flow-based system is calibrated by programming the flow meter and regulating valve calibration

number (VCN) recommended by the manufacturer. Oniss@tup, the operator mostly does not

need to change the recommended VCNSs. The flow meter controls the systeratél depending



on the calibration number, while the VCN manages the expected response of the flow control valve
motor. The VCNshould be properly selected to implement optimal system response (Sharda et al.,
2016). The system uses the speed informagioovided by the global positioning system (GPS).
The system flow rate is measured through an inline flow meter that provides feedback to the rate
controller, which adjusted the regulating valve to maintain the target system flow based on the
operating speak sprayer swath, and application rate commonly programmed in the controller by
the operator. The control system also utilizes the feedback from the flow meter asd send
commands to the regulating valve that adjusted the system flow with the calculatad val

The boom shubff valve controls the product flow to the boom. The operator can shut the
sprayer ON and OFF when turning on headlands or in tispray zoneising the boomshutoff
valves.The majority of agricultural sprayers have boom sectiorsalt@v independent control
of each section across the boom. This setting permits the operator to manuaif§ éuportion
of the boonrather than the whole boom itseifing the switch boxTherefore, oveapplication
may be reduced by partialtyurning the sections OFF, especially on areas where partial boom
widths are required.

Two types of valves can supply the fluid to the boom; away and a thregvay boom
valve. A 2-way boom valveneans that there is a product flow durldiy-state or noléw during
OFF-state. DuringOFF-state, the product volume remains in the system while the control system
manages the flow to the new target value. The system flow is adjusted using the flow feedback
and regulating valve to represent the number of boolvesaon the ON state. The target
application rate is maintained through flow compensation, wherein the flow is regulated during

boom valves ON and OFF stabe.a 3-way boomvalve, theflow from the boom sections that are



off is redirected to the tank thugh one outlet. Therefore, system pressure or the corresponding

flow are maintained regardless of section actuation.

1.2.2 Pulse width modulation system

To compensate for the challenges causedgpfication errors as a result of using larger
and fastermachines,technologies such as pulse width modulation (PW&¢stens are
implemented to apply chemicals at finer spatial resolution (Needham et al., 2012)s{Atékh
is one of the technologies that are currently being implemented in largeradiled spayers.
PWM spray control technology operates on two major components: duty ayleh is the
percentage of the total time the signal is in the HIGH or ON state to complete oneacytle
frequencywhichis the number of cycles completed a secéndigital signal regulates theozzle
periodin the ONstate (high with 12 V direct current) and OFF state (low with 0 V direct current).
Majority of PWM system from manufacturers including Capstan, Raven, and Teejet operates at
10 Hz frequency while John Dedrad a system thafperates at a higher frequency (15 Hz and 30
Hz). A 10 Hz frequency system means that they operate at ten cycles per second or a 100
millisecond (ms) cycle to actuate the solenokts.example whenoperating ad0% duty cycle
it indicates bat the solenomlarein the ON state for 40 ms and in the Off state for 60 ms during a
100 ms cycleOn the other hand, a system opera#ing0% duty cycleaneanghat the nozzle will
be in the ON state for 80 namd in the OFF state for 20 mBEheefore, an 80% duty cycle will

provide twice the product volume than the 40% duty cycle during a 100 ms cycle (Figure 1.4)
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Figurel.4. Solenoid ONStateTime Variation during 40% and 80®@uty Cycle in 10 Hz
Frequency. (Sharda et al., 2016)

In a PWMsystem, the target pressure is set within the electronic contrghndithe liquid
control system provides the application fluid to pressurizethdloen Nozzle flow rate is varied
by pulsing an kectronicallyactuatedolenoid valvditted in the nozzléy changing the duty cycle.
The solenoid is an electromagnet that opens and closes the nozzle flow using the plunger and a
spring. The initial solenoid position is closed held shut by the sprimgtam the drip check's
original purposeTherefore, flow can be controlled on a nozzle by nozzle basis by employing the
right duty cycle according teach nozzle's speeohd target application rate during parallel and
curvilinear passe@.e turning) PWM technology uses the -applied map coverage information
to control individual nozzles' actuation

The PWM system intends to deliver réiahe flow rate changes without impacting the
application pressure, improving the application accuracy by providiagifarm droplet size
distribution during product applicatiomhe PWM system is also capableimdtantly turning the

solenoid ON and OFRwvhichis possible because of the actuation response of the solenoid valve



The product is applied at the desired ptes while immediately closinthuseliminating product

drain when the solenoids are-eeergized. The even and odd nozzles are also programmed to turn
On and Off alternately, preventing skips during operation. The PWM systatso capable of
compensatig the flow from the inner and outer boom sectionsdgylatng the product flow to

the individual nozzles when applying in curvilinear paths basedagch nozzle's speetiiring
operationFor example, if the sprayer is turning left, the PWM systempensates the flow rate

at each nozzle by increasing the nozzles' duty @ytkbe outer boom sections, thereby increasing
the flow rate. On the other hand, the system reducesdhdes' flow rateon the inner boom
sections by decreasing the duty eycésulting in uniform coverage (Figure 1.5.a). Application
errois could occur if the system does not compensate for each nozzle's @avheat applying in

curvilinear paths (Figure 1.5.b).
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Figurel.5. Turn Compensation of PWNbystemModulating thendividualNozzles toProvide
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(a) and &pray System withoufTurn Compensation wher&pplicationRateError is Inevitable
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Several manufacturers of agricultural sprayers are providing options for a IRMk
application technology which includes Raven Industries, Capstan Ag Systems, Teejet
Technologiesand John Deere. These PWM systaras be retrofitted to the sprayer using the
existing feedback mechanism and flow control systems to increase aadstethesystem's flow
rate Changing the flow rate is necessary to maintain the target applicat®mand provide a

sufficient product in the system while changing the duty cycle.

1.3 Problem Statement

Agriculture is highly dependent on the applicatiof agricultural chemicals. Hence,
chemical application became one of the most significant aspects of the crop production system as
it maypotentiallyincrease the yield and provide a better crop quality. The application of chemicals
reduces crop damagehichensures that the agricultural sector can supply enough foods and fibers
to the increasing global population. However, the chemical application has been highly scrutinized
because it produces volatile organic compounds that may pose a threat to lamthahe
environment. Agricultural chemicals may also impact waterways through surfacdf rand
contaminate groundwater through deep percolation because they are resistant to degradation
(Brady et al., 2006; Kuivila & Foe, 1995; Werner et al., 2004)

Agricultural sprayers became an important part of agricultural production due to their
capability to cover large areas. Spray application technologies have been continuously developed
to improve product applicatiofGiles et al.,2008; Haret al.,2001; Lebeawt al.,2004; Miller et
al., 1992; Zhanget al., 1995) These technologies have become important components of
agricultural sprayer<rop producers utilize current spray application technologies to ensure that

theproductis applied to effectively control pesfLuck et al., 2011; Rockwell et al., 1998hese



technologies should be able to maintain the target rate all the time. This can be achieved by
ensuring that the product flow management in the plundyatem is accurate regardless of speed,
nozzle or boom section actuation, or operating in straight of contour passes. Most importantly, the
flow should match the nozzle ground speed. The system should also maintain the coverage by
maintaining a uniform diget size irrespective of travel speed. It should maintain the target
pressure to provide the desired droplet size and a uniform overlap between nozzles to minimize
drift potential and reduce environmental contamination.

The flowbased system has been iempented in agricultural sprayers about 10 to 15 years
ago. Flowbased system regulatthe flow to vary the rate. It utilizes the feedback from the flow
meter and sersthcommand to the regulating valve based on the target rate, speed, and boom width
to adust the system flow. However, therevedeen continuous concerns regarding the flmsed
system in the past decade. The system cannot maintain the application pressure during,operation
which could impact the droplet sizéhardeaet al. 013)reported a pressure variation of 7.0% to
20.0% during operation. There is also an issue regarding controller response error due to the
system's latencyo immediately adjust the flowvased on thdield conditions aside from éh
pressure taking too much time to stabilize. Previous study shows that pressure stabilization times
in the flowrbased system&ve25.2 s during section control actuati@hardeet al.,2011) There
is also a conceraboutthe off-rate error. The flowbased system does not take into consideration
the speed of each nozzle when delivering the flow. The system provides a single flow value across
all the nozzts in the boom regardless of the nozzle or boom section speadlaet al.(2011)
reported a nozzle cffate between36.0% to +28.7% during point row operation due to the

system's latencyDue to tle flow-based systels inability to maintain the application pressure,
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there is also a concern regarding-taififget application due to drifparticularly when applying at
ahigher pressure

Concerns regarding application rate error still exist when operd#irge agricultural
sprayers as it may increase the cost of productiento product los@.uck et al., 2018). The
application error can be due to underd overapplication.One of the most critical problesthat
have been sustaining and expanding otlee year is pesticide resistance. Due to the inaccurate,
inappropriate, and incomplete application, some of the pesistdeceive a complete dosage or
are not covered and eventually becaesstant to pesticidebleap 2020 reportedhat there are
547 instances of herbicide resistance in the US, and 47 résisads are found in Kansas and
NebraskaTherefore, producers need to be cautious when applying chemicals to manage pests and
diseases in field crops.

PWM system is one of thairrent spray technologies implemented in agricultural sprayers.
In a PWM system, the application pressure should be rapidly achieved and maintained for the right
duration depending on the duty cyclehen, it should immediately shoff the flow when the
solenoids are turneaff. In addition, any variation in the application pressure caused by the PWM
valves and the system's inability to immediately attain the target pressure and maintain that
pressure during each cycle to deliver the target flow rateinflaignce the chemical application
accuracy(Shahemabadit al.,2008) The nozzle flow rate is managed by changing the duty cycle
based on the speed of Bawzzle. Each nozzle must deliver a uniform flow rate and maintain a
uniform product application during operatifieedhanet al.,2012) Any fluctuation in the flow
rate could result in the inaccuracy of spray outg8tiva et al.,2018) The sysém should deliver
the product at the target application pressarattain the desired nozzle flow ra@perating at

the target application pressurealsocritical in maintaining a correct spray angle and droplet size.
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The recommended droplet size based product label specification must be followed when
applying chemicals to efficientigontrol pests and achieve the right spray coveragenmimize
spray drift(Needham et al., 2012Applying pressure lower than 207.8& may reduce the spray
fan angle(Daggupati, 2007and produce courser droplets. Operating at 276.0 kPa or above is
recommended to minimize the pulsing effect on droplet size due to pressure drop across the nozzle
valves(Butts et al., 2019)But, there are still issues concerning the PWM system's operation at
lower duty cycle and capability to maintain a uniform pressure during operation at varying field
conditions.Lang (2013)reported inconsistency in the volume medigameter when using a pre
orifice nozzle andncreasedlriftable fines when operating at lower duty cycles.

Also, Shahemabadkt al., (D08) reported the aatrol system's inability to maintain the
target application pressure across the sprayers boom due to fluctuations caused by PWM valves.
Latendesin the response of the control system are also reported in several $flatigas et al.
(2017) reported a 20.0 millisecond (ms) latency before the system attains the target pressure.
Bennuret al.(2010)reported a 0.5 to 2.1 s response time of the PWM system when using variable
rate nozzleswhile Yang (2001)concluded that a 1.0 to 2.0 s is required for the VRA system to
provide the taget application rate with application errors ranging from 5.2% to 5.8%. Application
errors can be magnified by the latency on the control system's response to the GPS signal and
attaining the target pressure.

The increase ithe cost of agriculturainputsdemandsn efficient and tingly application
of chemicalsThe producers aim to minimize losses caused by uiader overapplication since
profits are declining. Producers utilize new spray application technologies to efficiently and

effectively manage agultural inputs. The industry has responded to the rising demand for self
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propelled sprayers with a larger swath by developing new control technologies atimtl eeddta
management.

With the informationavailable in the flowbased system and the knodde on how the
PWM system is satp, there is a need to systematically study each of the components that will
impactflow delivery, flow rate management, and flow rate implementation.

These spray control technologies need to be evaluated and propetistoodé¢o ensure
their proper operation and performandederstanding the impact of the presstloav dynamics
and the control system response of the PWM technology to the application accuracy is necessary
when utilizing this new spray application tecoltogy. This study willprovide the producers with
information regarding the actual benefits of utilizing new technologies such as the PWM system
and providethe operators witla better understanding of machine factors that may impact the
sprayer'performancevhen applyinghe product in field conditions. e knowledge that will be
gained in this study will not only provide helpful information to the sprayer manufacturer to further
improve the existing technology but will also give confidence tgotieeucers in implementing
the PWM technologyor better management of crop inputs, increase profits, and minimize the

environmental impacts of agricultural chemicals.

1.4 Research Objectives

Inconsistencies in pressure and flow rate may occur duritd) digeration due to the
ON/OFF actuation of the solenoid valves. The variation in duty cycle is dictated by the speed of
operation, which could frequently change due to terrain and the field's shape. Sprayer operators do
not havehemeans of recognizing the system is properly applying the correct amount of product

and the potential application error during operation. Operators will be unable to make the necessary
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adjustment to the sprayer to minimize such errors. Therefore, producers, operatorsnahd eve
sprayer manufacturers must understarel BWM technology's performance to utilize its full
potential andmprove the system further. €loverall objective of this studys to evaluate the
control system respongé the PWMcontrolsystem. This reseetn specifically aims to;
1. Understand thpressure droglow dynamics, and control system response of solenoid
and nozzle body
2. Quantify application pressure and droplsize spectra uniformity during field
operation
3. Assesghe application rataccuracythrough correct duty cycle implementati@md

4. Evaluatethe importance of n compensation technology moduct application.
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Chapter2-Noz Pressure and Fl cw DWnaimmi c

Modul ation (PWM) Nozzle Contr

2.1 Abstract

Crop producerm the United States apply 1.1 billion pounds of various types of agricultural
chemicals that cost $10.6 billion per year. These chemicals are resistant to degradation and
volatilization. Most of them end up contaminating surface waters and groundwatetgyhh
surface ruroff and leaching. PWM is an emerging application technology that applies the product
at a constant pressure by varying the solenoid duty cycle to maintain the application rate. Limited
knowledge and studies are available that show hownwneial PWM systems perform during
operation. This study evaluates the pressure drop, flow rate variations, and response time of the
different PWM systems during applicatiorhrée PWM nozzle control systems, Capstan PinPoint
Il, John Deere ExactApply, ariRlaven Hawkeye, referred to as S1, S2, and S3, were used in this
study. Data on nozzle pressure, boom pressure, flow rate, and response time were recorded under
different duty cycles (25%, 50%, 75%, and 100%) and operating frequencies (10 Hz, 15 Hz, and
30 Hz) for different application rates (112.2 L-hand (187.1 L hd) and application pressures
(275.8 kPa and 448.2 kPa) at 1kHz using a LabVIEW program and a cRIO data acquisition system.
Results indicated that the PWM systems perform differently wheratipg at various application
rates, pressures, duty cycles, and system frequencies. Each PWM system provided a different
pressure drop at the nozzle during operation. The increase in application rate and target pressure
increased pressure drop. The pataghange in flow rate with respect to the expected flow was
also significantly different between the PWM systems, which could be due to the differences in

pressure provided at the nozzle during operation. The PWM systems also showed latency before
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reachimg the target application pressure during operation. The systems also operated at less time
than the specified duty cycle at stable target pressure while also continued to spray even after the
solenoid valves were closed. The application pressure durikgapddall time and time of stable
application pressure within a cycle should be given careful consideration when selecting a PWM
system, as they can contribute to product application errors. Operators should also tomsider
pressure drop both with tiselected PWM system and target application rates-tgpstite system

to apply at the desired pressure. The manufacturers mostly recommend operating the PWM system
at 10 Hz system frequendgut for the purpose of this study, the system frequency of eatV P
system was varied to 10 Hz and 15 Hz for S1, 15 Hz and 30 Hz for S2, and 10 Hz, 15 Hz , and 30
Hz for S3.Producers should expect a difference in pressure dtalpilizedpressure application

time, and flow rate if they opted to operate at a higheuiacy. The results of this study were

only applicable to the type of nozzle bodies and nozzle tips Tikeddata will differ based on the

dual orifice valve coefficient equation. The larger the second orifice, the more the pressure drop.
This will affectthe final orifice pressure, as well as the flow rdteis study did not address the

impact of flow resistance caused by the differences in the design of nozzle bodies and nozzle types.
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2.2 Introduction

The agricultural chemical applicatisamains one of the most important elements of crop
production systems, with U.S. farmers using 1.1 billion pounds of 600 different pesticides
amounting to 9.0 billion in 2012 (Atwood et al., 2017). The application of agricultural chemicals
has increasedespecially in ndill farming (Luck et al., 2011; Lebeau et al., 2004). Producers
practicing no tillfarming usually spray more than twice to minimize the impact of pests and
diseases on their crope.he i ncr ease i n a pgotentiallygodes a thréat ta h e mi
human health and the environméhlicolopoulouStamatiet al.,2016; Townson, 1992)it is
estimated that more than 45% of applied agricultural chemical®adeposited on the target and
end up contaminating the surface waters and groundwater. (Balsari et al., 2009; Panneton et al.,
2001). The main reason behind this is that most of the agricultural chemicals are resistant to
degradation and volatilization @mvill remain on the soil surface for a longer period and, therefore,
susceptible to ruoff (Larsonet al.,1995)and leachingVan Der Werf., 1996)

To minimize the impact of agricultural chemicals and also to be more efficient with
chemicals to save inputs costs, producers are now adopting newer application technologies with
wider booms to make sure the target sites receive right rate of pestirid to reduce application
inaccuracies. (Luck et al.,, 2011; Rockwell et al., 1996). Precision application technologies,
including variable rate and section control technologies, can potentially reduegeddpplication
errors that might occur due tskippedapplication, multipleapplication, or unintentional
application to environmentally sensitieeops orareas. However, application errors (evand
underapplication) still exist especially when operating large-padpelled sprayers during sectio
control and ground speed transitions. Application errors also potentially increase the production

cost (Luck et al., 20H) due to the system's inability to provide the correct amount of pesticides
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resulting in ovefand undeiapplication (Lebeau et ak004). One of the most critical impacts of
application errors has been the growing resistance to pesticides making many formulations no
longer effective for required pest control. Currently, there dfécases of herbicideesistant

weeds globally wherei@3 weed species have developed resistance to 167 different herbicides.
Forty-severresistant weeds are found in Kansas and Nebiaap, 2020)

Currently, most spray application systems utilize flomsed systems. However, past
studies have exhibited that application errors could occur in alfsgd system due to pressure
deviations (Sharda et al., 2010; Sharda.e2013). System latencies primarily caused the pressure
variation to maintain accurate pressure for the desired application rate during speed transitions and
section control. Similar results were observed during field application using largecmdded
sprayers where applicatiarrors beyond +10% of target application rate were observed in 64%
of the field (Luck et al., 2011, Sharda et al., 2012).

Pulse width modulation (PWM) technology is currently being utilized more commonly on
large self-propelled agricultural sprayers. PWM spray control systems operate on two key
components: duty cycle and frequency. The duty cycle is the amount of time that the signal is in a
HIGH or ON state as a percentage of the total time to complete a cyel&egency, indicated
in Hertz (Hz), is the number of cycles completed in a secbhne.PWM technology allows the
flow rate of spray through a nozzle to be controlled independent of pressure and dropgBtesze (
2009) This allows tle PWM system to control the product flow without significant variation on
droplet size spectra, distribution, and velodiiles et al., 1996; Giles et al., 200Barget liquid
pressure is programrmewithin the electronic control unit, and the system maintains the boom
pressurized by supplying it with the right amount of application fluid. Nozzle flow rate is

accomplished by pulsing an electronically actuated solenoid valve located directly updtrieam
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nozzle by changing the duty cycle. Since flow rate can be controlled on a nozzle by nozzle basis
by implementing the correct duty cycle based on the speed of each nozzle, PWM rate control
system has the potential to implement rate control for agpits both during straight and
curvilinear maneuvergi.e turning) Commercial PWM controllers are developed for boom
sprayers with all the nozzles having a synchronized control while the accuracy of the controllers
still needs further improveme(tiles et al., 2008Past reseah in a laboratory satp has shown

that PWM system could maintain the boom pressure irrespective of the nunaloévenozzles

during nozzle section actuati@Mangus et al., 2017but simulated application rateaps showed
application errors especially at a lower duty cycle.

Once the solenoid is actuated during each cycle, desired application pressure should be
attained rapidly and should remain stable for correct duration representative of duty cycle; and
thenquickly drop to shubff flow when the solenoid is switched off. Additionally, any potential
fluctuation in the pressure caused by PWM valves and the PWM system's inability to quickly
achieve the desired pressure and maintain that pressure during thewsytetedeliver the desired
flow rate may impact the accuracy of chemical application (Shahemabadi et al., 2008). Therefore,
it is imperative to understand the pressure and flow dynamics during solenoid On and Off actuation
during a cycle at different dycycles, since these parameters manage product flow rate at each
nozzle.

Understanding pressure dynamics is particularly critical as the PWM system intends to
provide reaitime flow changes based on selected target application pressure. Sufficientdgeowle
is not available on the extent of pressure drop across different setgreriated nozzle bodies.

The pressure drop across solenoids and pressure dynamics during a PWM cycle could impact the

flow consistencies, resulting in application rate errorss $hidy was conducted to understand the

19



pressure and flow dynamics across different soleaoidated nozzle bodies for PWM control
systems. The specific objective of this research was to quantify the pressure drop, flow rate, and
response time across difent solenoighctuated nozzle bodies operated by PWM control systems

at different application rates and pressures as influenced by duty cycles and operating frequencies.

2.3 Materials and Methods

2.3.1 PWM nozzle control systems

Three commercially avaible solenoiehctuated nozzle bodies, including PWM nozzle
control systems, were used in this study. These PWM systems were the Capstan Pinpoint II
(Capstan Ag Systems, Inc., Topeka, KS), John Deere ExactApply (Deere and Company, Moline
I), and Raven Hawdye (Raven Industries, Inc., Sioux Falls, SD), hereafter referred as S1, S2, and
S3 respectively. Wilger nozzle bodies (Wilger Inc., Lexington, TN) and Capstan solenoid valves
(Capstan Ag Systems, Inc., Topeka, KS) were used to evaluate the S1 PWM Bigieen.1.a).
In contrast, a John Deere ExactApply nozzle bodies (Deere and Company, Moline, Il) were
employed to assess the S2 PWM system (Figure 2.1.b). On the other hand, Teejet nozzle bodies
(Teejet Technologies, Springfield, 1l) and Raven nozzlerocbwalves (Raven Industries, Inc.,
Sioux Falls, SD) were used to evaluate the S3 PWM system (Figure 2.1.c). A set of five nozzle
bodies were utilized to operate each PWM system. The performance of each PWM system was

evaluated in terms of pressure dragsponse time, and flow rate.
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(a) (b) (c)

Figure2.1. Different CommerciallyAvailableSolenoidValves andNozzleBodiesUsed in the
Study.
2.3.2 System setip and instrumentation

A Kawasaki mule (Kawasaki Motors Corp., USA) equipped with a commercial liquid
control system was used to evaluate the soleacidated nozzle bodies operated by PWM nozzle
control systems. The mule has a 2.54 centimeters (cm) diameter boom with aféh§tmeters
(m) having three sections. The boom has 13 nozzles spaced at 0.508 m.

In this study, one boom section with five nozzles was utilized. A centrifugal pump was
used to pressurize the system. The pump was powered by a 3.6 kilowatts (kW)egaisgiire
(Honda GX 160, Honda Engines Group, Alpharetta, GA). A control system (Raven Viper 4, Raven
Industries, Inc., Sioux Falls, SD) was used to regulate the system flow using the valve located at
the backend of the sprayer system.

A thin-flm membrane pressure transducers (Model 1502B81EZ100PSIG, PCB
Piezotronics, Farmington, MI) were used to measure thetinealnozzle and boom pressure.
Nozzle pressure was measured by installing a pressure transducer between the nozzle body and

nozzle cap with a tigFor boom pressure, the pressure transducer was mounted on the boom using
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a nozzle body with a cap. In both cases, the pressure transducers were mounted in a fitting between
the nozzle body and nozzle tips. A similargptwas used bilangus et al. (2017 their study.

A preliminary test was conducted to evaluate the nozzles' response with and without the pressure
transducer fittings using a higdpeed camera. The resmlicated that the pressure transducer and
fitting assembly did not affect the nozzle pressure actuation response and spray fan pattern. The
pressure transducer has a measuring range of 0 to 689.5 kilopascal (kPa) and a linear analog output
of 0 to 10 Vols. Five pressure transducers, one for each nozzle body, provided thieneenbzzle

pressure, and one pressure transducer measured theneeddoom pressure. The regression
eqguation from the sensor calibration curve provided by the manufacturer wia® ussmvert the
pressure transducers voltage reading into pressure.

A turbine type flowmeter (Model F1I6, Flow Technology Inc., Tempe, AZ) was used to
measure the system flow rate. The flowmeter was installed at the upstream portion of the active
boom setion and is capable of measuring flow up to 227.1 liters per minute (L) mith a linear
analog output of 0 to 10 V. The calibration data sheet provided by the manufacturer was used to
establish the correlation between the flow meters' analog outputanits flow measurement
range in L minl

A Compact Rio (CRIE042, National Instruments, Austin, TX) data acquisition system
and a customized LabVIEW program (National Instruments, Austin, TX) were used to record the
reattime nozzle pressure, boom mease, and flow rate using a sampling frequency of 1 kHz.

Different flatfan nozzles (Pentair Hypro, Minneapolis, MN) recommended for use in a
PWM system, were selected to deliver the required application rates of 112.2 liters per hectare (L

h') and 187.1 h™ based on the application pressure of 275.8 kPa and 448.1 kPa (Table 2.1). The
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focus was to compare and contrast pressure dynamics across PWM systems at different application

rates and pressures.

Table2.1. Different Nozzle Tips Used in the Study.

Application Application .
Rate, L ha' Pressure, kPa Nozzle Tip
275.8 120-06
112.2 428 1 5008
275.8 120-08
itk 448.1 120-08

2.3.3 Data collection

The target application rate was programmed to the Raven Viper 4 rate controller. The
pressure in the boom was adjusted using a switch to control the butterfly valve located at the
backend of the spray system. The boom pressure was adjusted to the émgeeprf 275.8 kPa
and 448.1 kPa during each test before data were collected. Different procedures were performed
to vary the duty cycle and system frequency for each PWM nozzle control system. In S1, the duty
cycle defined by the user was implementedhisyCapstan controller (Capstan Ag Systems, Inc.,
Topeka KS). The S1 PWM systemas operatedt 10 Hzand 15 Hzsystem frequency. Figuge2

shows the satip and instrumentation used in evaluating the S1 PWM system.
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Figure2.2. SystemSet-Up andinstrumentation of S1 PWI8ystem

For S2, the duty cycle and system frequency were varied using the GreenStar 2630 display
monitor (Deere and Company, Moline, Il). The turrets of the nozzle body were oriented based on
the system frequency thatwas operating and manually changed to match the orientation on the
monitor. When operating at 15 Hz system frequency, the turret routes the flow from A and B
solenoids to the individual outlets. The outlets can be a combination of 1 and 4, 2, andrig] or 3 a
6 with the outlets 1, 2, or 3 in the front position (FigRi®a). For a 30 Hz system frequency, the
turrets combine the flow from A and B solenoids to a single outlet, either to outlets 4, 5, or 6,
whichever is in the front position (FiguBe3.9. The setup and instrumentation used for the S2

PWM system was shown in Figu2el.
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Figure2.3. TurretPosition ofS2 NozzleBody whenOperating at 1%z (a) and 3tz (b)
SystemFrequency.
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Figure2.4. SystemSetUp andinstrumentation of S2 PWI8ystem.
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The duty cycle and system frequency in S3 were varied by using the Raven Viper 4 display
monitor. Figure2.5 shows the satip and instrumentation when the test was conducted using the

S3 PWM system

Raven display monitor Computer

Tank

T Data
RFi17d <= acquisition
system

; Flow meter
‘ === NRGAS e

|
Pump Flow regulating Boom valves ==p
valve Flow meter
Nozzle solenoids==p E] 8 E] E] E] E] [?]‘ [.'ETL
Pressure ==
Transducers

Figure2.5. SystemSet-Up andinstrumentation of S3 PWIg8ystem.

Although the manufacturer commercially provides and recommends operating the PWM
system at 10 Hz system frequency, the S1 PWM system has the option to vary the frequency to
10 Hz, 15 Hz, and 30 Hz system frequency. However, the data collected using the 30 étcirequ
in S1 PWM system was not included in the analysis, since it provided a 10 Hz data points when
tested. The S2 PWM system can be programmed to operate at 15 Hz and 30 Hz system frequency
as well. On the other hand, the S3 PWM system also had the halitfido change the system
frequency to 10 Hz, 15 Hz, and 30 Hxe pressure and flow rate data using each PWM nozzle
control system were recorded for 30 seconds, which provided 30,000 data points for data analysis.

The impact of the different treatmetdmbinations on the pressure drop, flow rate, and

response time of the system was evaluated. The pressure drop from each nozzle body was
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calculated by obtaining the difference between the boom pressure and the actual nozzle pressure.
The actual nozzle pssure considered in this study was when the solenoid valves were on the ON
state and spraying at steady condition between the peak and fall times. The response time of the
system to achieve the target application pressure was evaluated by determineakttim@, the

percent change istabilizedpressure application time, and the fall time (Fig21®. The total

system flow rate measured by the flowmeter was divided into the number of active nozzles across
the boom to determine the flow rate per nozZlee percent change in flow rate was the percent
difference between the actual flow rate and the expected flow rate based on the nozzle size,

application pressure, and duty cycle.
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Figure2.6. Evaluation of PWMNozzleControl SystemResponsdime.

The peak time was evaluated by determining the time it takes for the nozzle pressure to
reach the initial peak pressure from the system's OFF state. The fall time was determined when the
pressure begins to drop by 68.9 kPa from the average nozzle pokssugehestabilizedpressure

application time. The actuatabilizedpressure application time was the time of application
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between the peak time and fall time. The percent chang®lilizedpressure application time
was the percent difference between the actadlilizedpressure application time and the expected
application time based on the specified duty cycle. Although the measurements were done at the

millisecond level but to preseaterages, one decimal place results were utilized.

2.3.4 Data analysis

This study implemented a sppitot design. The PWM nozzle control system with three (3)
levels (S1, S2, and S3) were randomly assigned to the whole plot while the duty cycle with fou
(4) levels (25%, 50%, 75%, and 100%) was randomly assigned to th@osubAnalysisof
Variance (ANOVA) was implemented using the mixed procedure in SAS University Edition
software (SAS Institute Inc., Cary, NC). The comparison between treatmentwasacenducted
using Tukey's Least Significant Difference (LSD) test. The effects of the treatments were

considered statistically significant at the 0.05 probability level.

2.4. Results and Discussions

2.4.1 Pressure drop

The pressure drop at the nozzlévieen the different PWM nozzle control systems differs
significantly when applying at a rate of 112.2 [*fand 187.1 L h4 at an application pressure of
275.8 kPa and 448.1 kPa at different duty cycles and 10 Hz system frequency(@aflee S3
sysem provided a pressure drop ranging from 45.17 kPa to 52.58 kPa, while S1 delivered a
pressure drop ranging from 23.36 kPa to 29.27 kPa when applying at a rate of 112 .2tlaha
application pressure of 275.8 kPa and 448.1 kPa at 10 Hz system frequenpyessure drop in

both systems increased with the increase in the application rate. The S3 system provided a pressure
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drop ranging from 70.21 kPa to 108.92 kPa, while the S1 system had a pressure drop ranging from
40.00 kPa to 70.90 kPa when applyingaate of 187.1 L haat application pressures of 275.8

kPa and 448.1 kPa

Table2.2. Pressurérop at theNozzle wherApplying atDifferent ApplicationRates and

Pressures at 10 Hz.
PWM System [4

Application Rate Application  Duty S1 S2 B S3
L hat ’ Pressure, Cycle, Pressure Std Pressure Std Pressure Std
kPa %l2 Drop, Dev. Drop, Dev. Drop, Dev.
kPa ) kPa ' kPa '
25 29.16 A2 0.67 - - 46.63 B  0.41
275 8 50 24677  0.51 - - 47.33B2  0.28
' 75 24777 0.33 - - 45.83 8¢ 0.17
1122 100 23.36A°  0.28 - - 45.17B  0.32
' 25 28.24 %2 1.06 - - 49.1582  0.40
448.1 50 29.27 7 0.70 - - 52,568  0.25
' 75 26.824°c  0.34 - - 50.61 8 0.18
100 28.16 %% 0.53 - - 52.58 8>  0.36
25 40.00 %2 0.89 - - 72478  0.31
2758 50 40.854¢  0.42 - - 70.238  0.21
' 75 41.44%  0.42 - - 70.878  0.21
187.1 100 40.21 A  0.53 - - 70.218  0.35
' 25 65.19 42 1.02 - - 103.26 B2 0.50
448.1 50 66.57 A% 0.46 - - 108.928 0.36
' 75 69.384°  0.53 - - 105.96 B¢ 0.27
100 70.90 A4 0.77 - - 104.84 B¢ 0.56

Note:
[1] i Means with the same uppercase letters within the same row for each application pressure are
not significantly different at U=0.05.
[2] T Means with the same lowercase letters within the same column for each application pressure

are not significantly different at U=0.05.
[3]7 The S2 PWM system cannot be operated at 10 Hz frequency.

Table 2.3hows the pressure drop of the different PWM system when operating ardiffer
application rates and pressures at 15 Hz system frequEmeyressure drop between 8ik, S2,
and S3 PWM systegwas significantly different when applying at different rates and application
pressures. The S1 PWM system had a pressure drop rarmmg3t46 kPa to 31.50 kPa. The S2
PWM system provided pressure drop ranging from 12.81 kPa to 17.22 kPa, while the S3 PWM
system had a pressure drop ranging from 42.16 kPa to 51.87 kPa when applying at 1122 L ha

275.8 kPa and 448.1 kPa. The inceemsapplication rate td87.1 L ha also increases the PWM
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systems' pressure drop when operating at 15 Hz system frequency. The S1 PWM system delivered
a pressure drop of 39.51 kPa to 72.29 kPa. The/# Bystem provided a pressure drop ranging
from 2413 kPa to 41.12 kPa, while the S3 PWM system had a pressure drop ranging from 67.45

kPa to 113.94 kPa when operating at 275.8 kPa and 448.1 kPa.

Table2.3. Pressurérop at theNozzle wherApplying atDifferent ApplicationRates and
Pressures at 15 Hz.

PWM System 1

Application Duty

Application Rate, Pressure Cycle S1 S2 S3
L ha' kPa opl21 ~ Pressure  Std.  Pressure  Std. Pressure  Std.
Drop, kPa Dev. Drop,kPa Dev. Drop,kPa Dev.
25 31.23 A8 1.37 13.198  0.38 49.93% 042
275.8 50 28.00 AP 114 13968 0.32 46.46 CP 0.27
' 75 24.04 A¢ 0.46  13.468B% (024  4525¢Cc 0.30
112.2 100 23.46 A¢ 0.39 14.48 Bb 0.28 44.69 cc 0.33
' 25 31.50 aa 1.46 12.81 82 056 42.16%  0.76
4481 50 29.49 Ab 0.92 16.61 80 0.44  48.35°¢ 0.29
' 75 27.89 Ab 0.45 16.03 Bb 0.19 51.87 ¢¢ 0.33
100 26.22 A¢ 0.41 17.22 Bb 0.36 51.81 ¢¢ 0.33
25 40.97 A2 0.68 24,13 Ba 0.68 67.81 2 0.45
2758 50 39.51 4P 0.73 24.29 Ba 0.42 67.45 C2 0.27
' 75 40.66 Aab 0.44 24.42 Ba 0.31 72.23¢0 0.27
1871 100 40.29 A3 0.45 24258  0.48 69.97 ¢ 0.30
' 25 72.29 Aa 1.20 35.73 Ba 0.61 11394 1,96
448.1 50 69.65 A 0.87 37.73 Bab 0.25 105.07° 0.45
' 75 68.19 Abc 0.60 38.75 Bbe 0.21 107.87 ¢  0.38

100 66.69 A° 0.77 41.12 Be 0.29  106.30°*¢  0.61

Note:
[1] 7 Means with the same uppercase letters within the same row for each application pressure are not
significantly different at U0U=0.065.
[2]1 T Means with the same lowercase letters within the same column for each application pressure are not
significantly different at U=0.05.

Similar results were observed for 30 Hz system frequency, which exhibited significantly
different pressure drop between S2 and S3 PWM systems (ZdhleThe S2 PWM system
provided a pressure drop ranging from 0.23 kPa to 12.49 kPa at an application rate bftiEl2.2
L at an application pressure of 275.8 kPa to 448.1 kPa. On the other hand, the S3 PWM system has
a pressure drop ranging from 44.46 ki®a53.03 kPa when operating at the same settings.

Increasing the application rate to 187.1 t*lvecreases the pressure drop of the two systems, with
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the S2 providing a pressure drop ranging from 4.88 kPa to 41.38 kPa while the pressure drop when

using he S3 PWM system ranges from 68.44 kPa to 108.87 kPa.

Table2.4. Pressurérop at theNozzle wherApplying atDifferent ApplicationRates and
Pressures at 30 Hz.

PWM System [1

Application Duty

Application Rate, Pressure Cycle S1 [ S2 S3
L ha' KPa opl2 ~ Pressure  Std.  Pressure  Std. Pressure  Std.
Drop, kPa Dev. Drop,kPa Dev. Drop,kPa Dev.
25 - - 11.38 A2 0.46 52.91 Ba 0.79
275.8 50 - - 11.76 A2 0.36 46.55 Bb 0.40
75 - - 11.50 Aa 0.25 44.46 B 0.29
112.2 100 - - 0.23 A0 0.26 44,75 Be 0.29
' 25 - - 10.58 Aa 0.55 47.72 B2 0.69
4481 50 - - 11.634%  0.40 47.78 Ba 0.54
' 75 - - 12.49 Ab 0.40 52.328b 0.44
100 - - 1.14 4¢ 0.22 53.03 Bb 0.32
25 - - 23.37 A2 0.71 68.44 B2 0.76
275.8 50 - - 23.28 A2 0.49 74.62 Bb 0.50
’ 75 - - 22.74 A2 0.44 72.96 Bbe 0.45
187.1 100 - - 4.88 A0 0.37 71.41 Be 0.34
' 25 - - 41.38 A2 0.72 87.72 Ba 1.44
448.1 50 - - 39.67 A2 0.58 99.67 Ba 0.74
’ 75 - - 39.51 Aa 0.56 108.87 Bb 0.59
100 - - 10.50 AP 0.41 105.97 Bb 0.74

Note:
[1] 7 Means with the same uppercase letters within the same row for each application pressure are not
significantly different at U0U=0.065.
[2] T Means with the same lowercase letters within the same column for each application pressure are not
significantly different at U=0.05.
[3]7 The S1 PWM system cannot be operated at 30 Hz frequency.

Figure 27 shows an example of each PWM system's performance when applying at 112.2
L hal and 275.8 kPa application pressure at 50% duty cycle operating at 10 Hz (Figure 2.7.a), 15
Hz, (Figure 2.7.b), and 30 Hz (Figure 2.7.c). For the purpose of presentation, the 50% duty cycle
was selected to show the pressure dynamics of each PWM systemoperating at different
system frequencies since a similar trend was observed when the system operates at different

application rates and duty cycles.
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Figure2.7. Pressurd®rop of theDifferent PWMNozzleControl Systems (a) 10 Hz, (b) 15 Hz,
and (c) 30 Hz wheApplying at aRate of 112.2 L hdand 275.8 kPApplicationPressure at
50%Duty Cycle.

In the three PWM systems, the pressure drop increase was expected 8ozzle with a
bigger orifice was selected to apply the product at 187.11application rate. The results were
similar to the previous study, wherein a significant decrease in the nozzle pressure was observed
when using a nozzle with a biggerfa® in a PWM systen{Butts et al., 2019)However, tle
pressure drop between each PWM system was significantly different when applying at a rate of
112.2 L hat and 187.1 L hdat 275.8 kPa and 448.1 kPa application pressure.

Overall, the results showed that each PWM system exhibited significantly different
pressure drop. Within each PWM system, pressure drops were significantly different and increased
with an increase in application rates. These pressure drops were enough to cause significant
changes in flow rate.rBssure also drop with duty cycles, freacies and application pressures
when using each PWM system, however not to significantly impact the flow rate. The
inconsistency in pressure could change the intended flow rate delivery during each cycle, thus

impacting spray outpySSilva et al., 2018)Additionally, the inconsistencien the pressure drop
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at different duty cycles during operation could cause an taqg@rcation, potentially resulting in
inefficient control of pests and diseagdsangus et al., 2017)Likewise, based on the nozzle
selected for field operation, operating at a pressure lower than the recommended may lead to a
reduction in spray overlap tveeen nozzles and may also impact the spray droplet size ( especially

at lower duty cycles), which could contribute to-odfe errorgButts et al., 2019; Daggupati,

2007)

Producers usually select a particular nozzle to use during operation, which depends on the
recommended droplet size of the chemical that will be applied. From the manufacturer's catalog,
producers may choose a nozzle that will provide the target dropéeaisthe desired application
pressure, application rate, and operation speed. These nozzle tips were rated to apply a specific
flow rate and droplet size at a certain pressure, and therefore, should be operated within that
pressure as much as possilfi|mce the current system does not measure the pressure at the nozzle,
sprayer operators should be aware of the pressure drop at the nozzle when setting the target
application pressure in a controller when using a particular PWM system. Setting the target
apdication pressure by considering the pressure drop would compensate for pressure drops at the
nozzle, thus maintaining target application pressure across the nozzle, whereas setting without
considering pressure drop would have the spray system operatigleted pressure and
potentially implementing undeapplication. Operating spray application systems at recommended
application pressure would also maintain the desired droplet size characteristics, which is critical
from both product label standpoint amchieving desired coverage for efficient control of pests in
the field. Operating at lower pressure, especially when using a nozzle with a bigger orifice, may
also affect the spray characteristics such as the spray fan angle and droplet size distubagon

pulsing, which may reduce the efficacy of product applicafigurtts et al., 2019)Newer PWM
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systems might considarstallingpressure sensors on the nozzles bodies located at different boom
sections to provide the average pressure as feedback to the controller to accurately manage nozzle

applicationpressure and automatically compensate pressure drop.

2.4.2 Response time

2.4.2.1 Peakime and fall time

The average peak time when applying at 112.2 L dred 187.1 L hd and application
pressures of 275.8 kPa and 448.1 kPa at different system fogegishows that each system has
time latency before reaching the target application pressure (Tabl@%, and2.7). This finding
was similar to the study déflangus et al(2017)andHoltz et al.,(2000) wherein the PWM system
has an ON/OFF tim latency before achieving the target application pressure per cycle. This
latency is primarily due to the response time of the system to actuate when a command is sent to

turn On solenoids from Off state.

Table2.5. AveragePeak and-all Time of Each PWMSystem at 10 HErequency.

PWM System
- Application Duty S1 S2 [ S3
Application Pressure Cycl
1 , ycle, Fall Peak Fall Peak :
Rate, L ha kPa % _Peak Time, Time, Time, Time, Fall Time,
Time, ms ms
ms ms ms ms
25 10.4 24.4 - - 5.0 9.2
275.8 50 9.6 214 - - 4.8 10.2
75 10.2 20.6 - - 5.4 10.2
122 25 5.6 16.6 - - 2.2 12.0
448.1 50 6.2 18.0 - - 2.0 14.2
75 6.0 16.2 - - 2.0 12.0
25 3.8 6.4 - - 2.6 7.0
275.8 50 4.0 7.0 - - 2.4 7.6
75 4.0 6.4 - - 2.8 7.2
187.1 25 3.0 9.6 - - 2.8 9.2
448.1 50 3.8 11.4 - - 2.6 12.8
75 3.6 10.0 - - 2.4 10.6

Note: [1]7 The S2 PWM system cannot be operated at 10 Hz frequency
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Table2.6. AveragePeak andrall Time of Each PWMSystem at 15 HErequency.

PWM System
. Application Duty S1 S2 S3
Application Pressure Cycl
1 , ycle, Fall Peak Fall Peak :
Rate, L ha kPa % Ti Peak Time, Time, Time, Time, Fall Time,
ime, ms ms
ms ms ms ms
25 11.4 26.6 2.4 10.0 4.6 8.2
275.8 50 16.0 22.8 1.6 12.0 4.8 10.0
1122 75 7.4 10.8 2.6 10.2 4.4 8.4
' 25 5.8 13.4 1.8 13.8 2.4 10.6
448.1 50 5.8 14.0 1.6 16.6 2.0 10.6
75 5.4 11.4 2.0 14.0 1.8 114
25 4.4 0.5 2.2 9.8 2.4 6.2
275.8 50 4.8 0.8 2.4 11.0 2.4 7.2
1871 75 4.8 0.8 2.4 9.6 2.0 8.0
' 25 3.6 0.9 2.6 14.6 2.6 9.2
448.1 50 3.8 0.4 2.2 16.6 3.0 12.6
75 3.8 0.4 2.2 14.6 2.8 10.2

Table2.7. AveragePeak andrall Time of Each PWMSystem at 30 HErequency.

PWM System
Application Alfplication CDu’[ly S1 M — S S2 — S S3
1 ressure, ycle, al eal a eal .
Rate, L ha kPa % _Peak Time, Time, Time, Time, Fall Time,
Time, ms ms
ms ms ms ms
25 - - 2.4 7.0 3.0 7.4
275.8 50 - - 2.0 10.6 3.4 9.8
75 - - 1.8 7.4 2.4 5.0
1122 25 - - 2.2 10.2 2.6 9.8
448.1 50 - - 2.2 9.4 2.0 11.4
75 - - 1.8 8.4 0.8 6.2
25 - - 2.4 10.4 2.6 7.6
275.8 50 - - 2.6 7.4 2.6 6.4
75 - - 2.2 7.2 1.0 5.4
187.1 25 - - 2.4 10.8 3.4 9.4
448.1 50 - - 3.0 8.8 3.0 8.6
75 - - 1.6 8.6 1.2 5.8

Note: [1] 7 The S1 PWM system cannot be operated at 30 Hz frequency

The PWM systems also have an inherent fall time before the system stops spraying after
the solenoid valves close (Figu2zeB). Mangus et al. (2017also reported that a PWM system
continues to spray for 10 ms after the solenoid valves were fulyndegized. Although the peak
time and fall times wéed per PWM system, but when adding these times for the number of cycles
in one second and time of application for a typical field, the total impact of these times could

significantly affect product delivery accuracy. During the peak and fall times, Pyaths applies
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products below the recommended pressure, which could change the spray droplet size and may
impact the product volume and depositibar{g, 2013) In addition, the spray angle may also be
significantly affected during peak and fall times, potentially impacting the spray oykedeket

al., 2015)

The fall time could potentially lead to effte errors due to additional time that the system
continues to apply the product at variablegsure beyond the actuation signal to turn Off. In
addition, the rise in the number of cycles per second, like for higher frequency systems, lag, and
peak times, could potentially increase the cumulative time at which nozzles operate at variable
pressuredroplet size, and spray overlap.

The difference in the control algorithm and solenoid valve response characteristics of each
rate controller might have affected the average peak time when operating at different application
rates and frequenci¢Sharda et al., 2013Though there are no publishsuidies on the standard
acceptable response of the PWM nozzle control system to achieve the target application pressure
quickly, this factor may still affect the accuracy of pesticide application in the field and should be

given attention when selecting?®/M system.
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Figure2.8. PressureResponse of thBifferent PWMNozzleControl Systems (a) 10 Hz, (b) 15
Hz, and (c) 30 Hz wheApplying at aRate of 112.2 L hdand 275.8 kPApplicationPressure
at 50%Duty Cycle.
2.4.2.2Stabilized pressure application time
The percent change stabilizedpressure application time shows significant differences
between PWM systems when applying at a rate of 112.2%lahd 187.1 L hd andapplication

pressures of 275.8 kPa and 448.1 kPa at different system frequencies ZI&al@&s and2.10).

The negative value indicates that the actual time that the system opestdbdiaédpressure was
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lower than the specified duty cycle. In bapplication rates, thstabilizedpressure application

time with respect to the expected time within each system was significantly different when
operating at different duty cycles. The results show thadtti®lizedpressure application percent

time change was higher at a 25% duty cycle, while the lowest percent time change was observed
when the PWM systems operated at a 75% duty cycle. Itis important to note thatstabikzéed
pressure time is critical to achieving target flow rate each noZhke.variation instabilized
pressure application times, indicated that the PWM systems could deliver incorrect flow rate
during each cycle, especially at lower duty cycles which could also impact the product application
uniformity (Mangus et al., 2017)

A lower percent change stabilizedpressure application time indicated that the control
system was programmed to apply products for approximately the designated amount of time in
each cycle, thus maintaining greaiew rate delivery accuracy. However, for a system with the
lowest percent change stabilizedpressure application time, the peak time and fall time could
potentially add volume to overall flowrate, potentially resulting in e@plication of product.
Further research efforts should be considered to optimize the peak time, percent change in
stabilizedpressure application time, and fall time to 1) minimize the impact of peak and fall times
on droplet size and fan angle; and 2) optimize peak, fallstailizedpressure application time

to achieve accurate volume delivery in each cycle
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Table2.8. StabilizedPressureéApplicationTime Change wheJsing theDifferent PWM
Systems at 10 Hz.

PWM System [

Duty S1 S2 8 S3

Application Application Cvele Stabilized Stabilized Stabilized
Rate, L ha? Pressure, kPa 3;[2] " Application Std.  Application Std.  Application Std.
0 Time, % Dev. Time, % Dev. Time, % Dev.

Change Change Change
25 -35.20 A2 1.79 - - -7.20 Ba 1.79
275.8 50 -16.00 A0 0.00 - - -2.80 Bb 1.10
112.2 75 -10.67 A¢ 0.00 - - -3.20 Bp 0.73
’ 25 -24.80 A2 1.79 - - 2.408Ba 2.19
448.1 50 -14.80 A° 1.10 - - 2.40Ba 0.89
75 -7.73 4 1.12 - - 1.33Ba 0.00
25 -17.60 A2 2.19 - - 8.00 Ba 0.00
275.8 50 -6.40 A° 0.89 - - 0.40 Bb 0.89
1871 75 -6.67 AP 0.00 - - 0.80 BP 0.73
’ 25 -16.00 A2 0.00 - - 0.80 Ba 1.79
448.1 50 -8.40 Ab 1.67 - - 2.00 Ba 141
75 -5.33 A¢ 0.00 - - 0.00 Ba 0.94
Note:

[1]1T Means with the same uppercase letters within the same row for each application pressure are not significantly
different at U=0.05.

[2] T Means with the same lowercase letters within the same column for each application pressure are not
significantly different at U=0.05.

[3]7 The S2 PWM system cannot be operated at 10 Hz frequency.

Table2.9. StabilizedPressuréApplicationTime Change wheJsing theDifferent PWM
Systemsat 15 Hz.

PWM System 1

Applicati Application Duty — S1 — S2 — S3
pplication Rate, Pressure Cycle Stabilized Stabilized Stabilized
L hat kPa ' ol2) ' Application  Std. Application  Std. Application  Std.
Time, % Dev. Time, % Dev. Time, % Dev.
Change Change Change
25 -41.20 ca 0.00 -18.82 ba 2.63 -3.53 Ba 3.22
275.8 50 -32.70 © 1.40 -6.06 ~8b 0.00 -12.73 B 1.36
1122 75 -8.00 A¢ 0.00 -8.80 Ab 2.28 0.00 Fa 0.00
' 25 -14.10 Aca 3.20 -15.29 Aa 3.22 3.53 bab 3.22
448.1 50 -4.24 B 3.50 -9.70 BCb 1.36 6.06 P2 0.00
75 -7.20 B0 1.10 -9.20 Bb 1.10 1.20 b 1.10
25 -7.06 A2 2.60 -16.47 ca 2.63 2.358B2 3.22
275.8 50 -4.85 Bb 1.70 -10.30 #° 1.66 3.03Ba 0.00
1871 75 -1.60 Bp 1.70 -10.00 #° 0.00 1.208B2 1.10
' 25 -8.24 Aa 3.20 -27.06 ba 3.22 0.00 Bca 4.16
448.1 50 -2.42 BCb 5.40 -15.15 Db 5.25 3.03 ¢ 0.00
75 -5.60 B° 0.90 -12.80 A° 1.10 1.20 BCa 1.10

Note:
[1]17 Means with the same uppercase letters within the same row for each application pressure are not significantly
different at U=0.05.
[2] T Means with the same lowercase letters within the same column for each application pressure are not
significantly different at U=0.05.
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Table2.10. StabilizedPressuréApplicationTime Change whetJsing theDifferent PWM

Systemsat 30Hz.
PWM System [

Application Dut S11 S2 S3

Application Rate, ~ “DRICE 0N 1Y T stabilized Stabilized Stabilized
L hat kPa ' 3}0[2] " Application Std.  Application Std.  Application Std.
Time, % Dev. Time, % Dev. Time, % Dev.

Change Change Change

25 - - -15.56 A2 6.09 -35.56 C2 4.97
275.8 50 - - -8.24 Adb 3.22 4,71 2.63
1122 75 - - -7.20 Bb 1.79 -0.80 BP 1.79
' 25 - - -20.00 A2 4.97 -20.00 A2 4.97
448.1 50 - - -12.94 B 2.63 1.18¢p 2.63
75 - - -12.00 B 2.83 0.80 b 1.79
25 - - -20.00 A2 9.30 -11.11 ABCa 0.00
275.8 50 - - -16.47 ABab 4.92 -5.88 Cab 0.00
1871 75 - - -10.40 BCb 5.37 3.20Pb 1.79
' 25 - - -24.44 A2 4.97 -55.56 ¢2 11.11
448.1 50 - - -18.82 Adb 2.63 -3.53 Bb 3.22
75 - - -11.20 B° 3.35 0.80 ©° 1.79

Note:
[1]1T Means with the same uppercase letters within the same row for each application pressure are not significantly
different at U=0.05.
[2] 7 Means with the same lowercase letters within the same column for each application pressure are not
significantly different at U=0.05.
[3]7 The S1 PWM system cannot be operated at 30 Hz frequency.

2.4.3 Flowrate

The percent change on flow rate with respect to the expected flowopelerwhen
applying at a rate of 112.2 L hand 187.1 L hidand application pressures of 275.8 kPa and 448.1
kPa at 10 Hz, 15 Hz, and 30 Hz system frequencies were shown in Zallgs12, and2.13. A
negative value indicates that the measured fle was smaller than the expected flow rate that
the nozzle should be provided at a specific application pressure. Applying at a rate of 112.2 L ha
land 187.1 L hdand application pressures of 275.8 kPa and 448.1 kPa at 10 Hz system frequency
shows sigificant differences in the flow rate change between the S1 and S3 PWM systems (Table
2.11). The flow rate change at different duty cycles when using the S1 PWM system shows no
significant differences except when applying at a higher application rate (L87at) and
pressure (448.1 kPa). The S3 system, on the other hand, shows significant differences in the flow

rate change at different duty cycles. Significant differences in the flow rate change were observed
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betweenS1,S2 and S3 PWM systems when ogéarg at 15 Hz system frequen¢Vable 2.12)

The increase in application rate and pressure also increases the flow rate change when using the
three PWMsystems. At 30 Hz system frequency, significant differences in the flow rate change
were observed betweé¢he S2 and S3 PWM systeffiable 2.13)In both PWM systems, the flow

rate change increases with the duty cycle increase when operating at 30 Hz frequency. The percent
change in flow rate with respect to the expected flow rate shows significant diéfeneithin the

PWM system at different duty cycles. The change in flow rate with respect to the expected flow
rate may be caused by the varying peak tistehilizedpressure application time, and fall times

In addition, applying at lower application pressumay also influence the percent change in flow

rate because the amount of product that a particular nozzle will provide also depends on the correct

pressure settings during operation.

Table2.11. Flow RateChange whemtJsing theDifferent PWM Systems at 10 Hz.
PWM System 1

Duty

Application Rate, Application Cvele % S1 S2 B S3
L hat Pressure, kPa y 2 Flow rate, % Flow rate, % Flow rate, %
Change Change Change
25 6.67 A2 - 5.33 A2
50 0.00 B - 0.00 B
2158 75 -1.78 BDb - -4.00 ¢pc
100 -6.00 ©c - -6.33 ¢
112.2 25 -5.66 C2 - -5.66 ¢2
50 -2.52 Aca - 2.52 B
448.1 75 -2.94 Aca - -5.04 AcCab
100 -4 57 Aca - -1.42 ABbc
25 -5.00 Ba - -12.00 A2
50 -8.50 ABa - -8.00 AB2
2158 75 -7.67 ABa - -12.00 Aa
100 -6.00 Ba - -11.00 A2
187.1 25 -13.73 ABa - -15.29 A2
50 -12.16 ABa - -5.88 Cc
448.1 75 -11.37 Ba - -11.37 8b
100 -7.84 b - -13.73 ABab
Note:

[1] T Means with the same uppercase letters within the same row for each application pressure are
not significantly different at U=0.05.
[2] T Means with the same lowercase letters within the same column for each application pressure

are not significantly different at U=0.05.
[3]17 The S2 PWM system cannot be operated at 10 Hz frequency.
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Table2.12. Flow RateChange wheJsing theDifferent PWM Systems afl5 Hz.

PWM System [

Application Rate, Application C I?:Lljéy% S1 S2 S3
L hat Pressure, kPa y 2 Flow rate, % Flow rate, % Flow rate, %
Change Change Change
25 1.33 A2 5.33 ba 0.00 A=
2758 50 1.33 A2 0.00 Ab 0.00 A=
) 75 0.00 Aa -0.89 ABb -4.00 BCb
112.2 100 -4.33 BCb 0.00 AP -6.00 ©P
' 25 -18.20 Aa -5.66 BCGa -8.18 BCa
50 -6.29 BCGbe -3.77 PFGab 2.52Eb
448.1 75 -8.40 BP -4.62 CFGa -5.88 BCGa
100 -2.99 DFGce -0.79 PEb -1.42 PFe
25 -15.00 A2 -6.00 DEac -8.00 BCDEa
50 -11.00 ABCa -9.50 BCDab -5.50 DEa
2158 75 -11.70 ABa -11.67 ABb -7.00 CDEa
1871 100 -11.50 ABa -4.50 Ec -9,25 BCba
’ 25 -38.00 A2 -12.94 Fa -21.57 Ba
4481 50 -19.20 BOb -12.94 Fa -15.69 CEFp
) 75 -17.10 CDbEc -12.68 Fa -17.65 BCDEab
100 -19.2( BDEbe -5.69 Gb -13.92 CFb
Note:

[1] T Means with the same uppercase letters within the same row for each application pressure are

not significantly

di fferent at

u=0.

05.

[2] T Means with the same lowercase letters within the same column for each application pressure

are not significantly

di fferent

at U=

. 05.

Table2.13. Flow RateChange whetJsing theDifferent PWM Systems aB0 Hz.

Duty

PWM System 1

Application Rate, Application Cvele % S1 Bl S2 S3
L hat Pressure, kPa y 2 Flow rate, % Flow rate, % Flow rate, %

Change Change Change
25 - 24.00 Aa -12.00 Ea

50 - 10.00 Bb 8.67 BDc

2758 75 - 4.89 Bobe 11,78 <

100 - 3.67 Cbe -7.33 Fab
122 25 - 29.56 Aa -16.98 Ea

50 - 9.43 Bb 9.43 Bb

448.1 75 - 2.94 Cc 2.10 Ce

100 - 2.68 Cc -3.62 bd

25 - 15.00 A2 -6.00 2

50 - 0.00 BPb 1.50 Bb

2758 75 - -3.00 C 0.00 B0

100 - -1.25 Cbbe -3.75 ¢a
187.1 25 - 9.80 Aa -54.51 Ba
50 - -2.75 Ab -20.78 Bb
448.1 75 - -7.45 Ac -21.05 Bb
100 - -3.73 Ab -15.29 B¢

Note:

[1] 7 Means with the same uppercase letters within the same row for each application pressure are

not significantly

di fferent at

U=0.05.

[2] T Means with the same lowercase letters within the same column for each application pressure
U=0.05.
[3]7 The S1 PWM system cannot be operated at 30 Hz frequency.

are not significantlydi f f er ent

at
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Producers have the option to select a certain PWM system and implement system
frequency. Although majority of the manufacturers recommend to operate the PWM systems at 10
Hz, there are systems which operate at 15 Hz and 30 Hz. The S1 PWM system has the option to
change the system frequency to 10 Hz, 15 Hz, and 30 Hz. However, at 30 Hz frequency, the S1
PWM system provided a 10 Hz data when tested that is why it was hatedan the analysis.

The S2 PWM system operates at 15 Hz and 3@0Hite the S3 PWM systeimas the functionality

to vary the system frequency to either 10 Hz, 15 Hz, and 3®@igducers should be mindful of
different pressure drops and might consitiese when implementing each ofsle systemduring

field application to achieve target application pressures. The vastaglized application
pressure time and flow rate when operating at higher frequencies should be carefully considered.
Therefore, tb frequency setting recommended by the manufacturer should be followed to
minimize the application errors.

The results of the study do not implicate the impact of the resistance caused by the nozzle
bodies and nozzle design. Therefore, the results only apphe particular nozzle bodies, and
nozzle types used to evaluate each PWM system and may vary if different types of nozzle bodies

and nozzle types will be used

2.5 Conclusion

The performance of théhree differentcommercially available PWM nozzleowtrol
systemswas evaluated based @me pressure drodlow rate,and response time at various duty
cycles and frequencies using/o different application rates and pressurése following

conclusions were drawn;
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1. Each PWM system provided a different ggere drop when applying at different
application pressure and application rate. Producers need to consider these pressure drops
when using a particular PWM system to apply a product at a specific application rate and
pressure. Operating at a lower pressilvan the recommended will impact the flow rate,
droplet size, and spray pattern, significantly influencing the application efficiency due to
under application. The commercial sprayer manufacturers should consider utilizing
pressure sensors on selectexxates across the boom sections to provide the average
pressure feedback to the controller and manage target nozzle pressure irrespective of nozzle
type and application rate to minimize application errors caused by the pressure drop.

2. The PWM system had anherent latency before reaching the target application pressure
and continued applying the product after the solenoid closed. These latencies could impact
the correct droplet size, and at the appropriate overlap during operation; while applying the
produd at less time than the specified duty cycle, could lead to product rate inaccuracies
during each cycle. The cumulative effect of pestkbilizedapplication pressure and fall
time could impact the overall product flow rate within a cycle, potentially resulting-in off
rate errors during field operation.

3. The flow rate from each nozzle was less than the expected flow rate due to the varying

pressue drop and cumulative effect of peatabilizedpressure application and drop times.
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Chapter3- Noz PresbBortoamiAxpedOtreg!| et Si

Specotfr aPul se Width Modul ation (PW

3.1 Abstract

Pulse width modulation (PWM) is curreptmplemented in agricultural sprayers to deliver
the expected flowrate by managing the duty cycle and maintaining the target pressure and provide
the desired droplet size. However, there are still issues about the application errors caused by the
pressurevariations when using this system as it may result in pesticide resistance and product loss.
Field tests were conducted in a 30.0 hectare (ha) and 54.0 ha fields to assess the pressure uniformity
and the expected droplet size of the PWM technology. Tp@&seneters were also translated to
an equivalent value if a flowased system will be used during operation.

Results showed that pressure mostly remained within the acceptable range in both fields.
Pressure CV were within 10.0%, indicating the system'’s ability to provide acceptable pressure at
varying conditions. However, nozzle pressure still varies, espeeaiathe outer boomsection
where frequent duty cycle variation occurs. Pressure also deviates during acceleration and
deceleration, indicating the system's latency to respond rdpidhanging conditions. In a flow
based system, the pressure varies dueatging speed as dictated by field terrain, curvilinear
paths, and headland maneuvers. The droplet size also deviates from the expected droplet spectra
based on the nozzle manufacturerods specificat!
system cantsl provide the target droplet size if a nozzle selected provides the desired droplet
spectra in a wide range of pressurea flow-based system, the droplet size was expected to vary

because of the fluctuation in application pressure due to speed sltamig operation.
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3.2 Introduction

Pulse width modulation (PWM) is one of the variatdée technologies thdtas the
potential to minimize the application errors caused by varying pressure during operation as it
manages the flowrate at nozzle levelngsan electronically actuated solenoid valve. Unlike the
flow-based system, PWM system is designed to maintain the application pressure regardless of
sprayer speed and swath width. The flowrate from each nozzle is managed by varying the duty
cycle. It isimportant to have a consistent nozzle flow rate to deliver and maintain the correct
application rate during operatighleedhamet al., 2012) Any fluctuation in thedesirednozzle
flow rate may result in the inaccuracy of spray outg@itva et al., 2018)Han et al. (2001)
reported a flow rate change of 0.5 to 2.2% caused by the inaccuracy of thegpeesstaller. The
system should be able to deliver the product at the target application pressure to achieve the desired
nozzle flowrate. In addition, the pressure also influences the spray angle and droplet size as it
regulates the velocity of the liquitiat exiting the nozzle. In chemical applications, it is important
to follow the recommended droplet size based on the pesticide label to efficiently control pests and
achieve the proper spray coverage and minimize the spragNidtiham et al., 2012)aggupati
(2007) reported that pressure lowdran 207.0 kPa may lead to a reduction in spray angle.
Similarly, the reduction in pressure especially when using larger orifice size nozzles may affect
the spray pattern and produce coarser dropBaitis et al., 2019)Moreover Butts et al., (2019)
suggested operating the PWM sprayer at or above Xfa to compensate for the impact of
pulsing on droplet size caused by the pressure drop across the nozzle valve. There are still issues
regarding the use of the PWM technology especially in terms of operating at lower duty cycles
and the ability of theantroller to maintain the target pressure at varying field conditicansy

(2013) reported variability in the volumetric median diameter in aqikce nozzle and an
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increase in driftable fines when the system operates at lower duty Sitédgemabadit al(2008)

on the other hand, reported the inability of the control system to maintain the target pressure across
the boom due to fluctuations caused by the PWM valbiga et al., (2018)eported a pressure

drop from 345.0 kPa to 324.0 kPa when the duty cycle increased from 10.0% to 100.0% in a no
pressureadjustment conditiowhich may indicate that the delay in the system response may affect
the application pressure. In addition, these results may also be due to the delayed response of the
controller to maintain the pressure at varying field conditidangus et al., (201 9bserve a 20.0
milliseconds (ms) latencin each cyclebefore thePWM system reaches the desired system
pressure. However, the pressure remains within £5.0% error irtegped section control
actuation even though there is a controller latency. These studies, however, are conducted in a
laboratory setting and does not consider the varying field and environmental conditions. Also,
there are limited studies that exist abthe pressure stability during solenoid valve actuation
duringsudden speed transition wherein sprayer acceleration and deceleration may instantly vary
each nozzle duty cycle and the section control actuation that magfélseteral nozzleduring

field operation These conditions are difficult to simulate in the laboratory setting. In a static test,
simulating the speed of the sprayer will vary the duty cycle but all nozzle across the boom will
have similar duty cycle. Similarly, nozzles cannot be-sifihdividually unlike in field test where
individual nozzle may automatically shotf when operating in portions of the field that had
already been applied with produdtherefore, the objective of this study is to evaluate the
performance of the PWMpsay technology in the field setting wherein rapid and continuous speed,
and section actuation occur. The study specifically aims to determine the nozzle pressure and

droplet size uniformity of a PWMquipped agricultural sprayer.
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3.3 Materials and Methads

3.3.1 Machine setup

Field tests were conducted in two different fields located at Clay Center, Kansas using a
commercially available seffropelled front-mountedboom sprayer (SP370Fsuardian New
Holland, PA) having a 36-fheter (m) wet boom with 73ozzles spaced at 0.5d apart. (Figure

3.1).

Figure3.1. The New Holland SP370kgricultural SprayerUsed in theStudy.

The autenozzle control function of the sprayer was controlled by the soleradices
(Raven Hawkeye, Raven Industries, Inc., Sioux Falls, SD) that were mapped in the controller such
that the first outemostnozzles on either sidef the boomare controlled individually, the next
thirty inner nozzles on the left boom atte nexthirty-two inner nozzles on the right boom were
controlled in pairs whilghe remainingnner mostnozzles were controlled in groups of three

(Figure3.2). The PWM solenoid valves operate at 10dygtemfrequency.
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Legend:
Nozzle Location
0 Pressure transducer Boom center line

Nozzle sections with

4« Boom sections b5 group of 1, 2 & 3 nozzles
I | i
A N SR

Figure3.2. Layout of theSprayerBoom with 73NozzleSections witha Group of either 1, 2, or
3 Nozzles. TheNozzles aréNumbered froneft to Right Across theBoom.

The display (IntelliView IV, Raven Industries, Inc., Sioux Falls, SD) and the sprayer
control system has five control channelattuate the boom shaff valves. The target flow across
the spray boom was regulated by utilizing feedback from an inline flow meter while controlling
the hydraulic pump speed. The overall system flow rate was controlled through the hydraulic
valves usingpulse width modulation. The sprayer was also equipped with angaigance
system. Field testing was conducted on a-B@€tare (ha) and 54Hta fields referred to as field 1
and field 2 respectively, using water as the test liquid. For field 1, tagesprvas setp to apply
140.0 liters per hectare (L Bpat 324.0 kiloPascal (kPa). This application pressure was 48.0 kPa
higher than the target application pressure of 276.0 KRa 48.0 kPa additional pressure was
determined during a preliminary statest conducted on the sprayer as the pressure drop at the
nozzle during operation. Hence, the 48.0 kPa was added to the target pessumpensate for
the nozzle pressure drop to maintain the target pressure of 276.0 kPa during applicatimz zé

used in field 1 was an XR11008 nozzle tip (Teejet Technologies, Urbandale, 1A). For field 2, the
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sprayer applied at a rate of 112.0 L*h&imilar procedure was done when setiipgthe
application pressure. The system was programmed to apply at aatpplpressure of 462.0 kPa
which was also 48.0 kPa higher than the target application pressure of 414.0 kPa. The product
applicationin field 2wasconductedising an XR11006 nozzle tipuring operation in both fields,

the boom heightvas set at 0.50 mnd maintained using the sprayer's guom control.

3.3.2 Instrumentation

In all tests, high frequency (<1 ms response time) pressure transducers
(1502B81EZ100PSIG, PCB Piezotronics, Depew, Mith a measuring capacity of up to 689.5
kPa andan accuray of 1.72 kPawere fitted in 10randomlyselected nozzles across the sprayer
boom. The pressure transducers were mounted in such a way that two were located within each
boom section. The solenoid valves were removed and the nozzle bodies were capzsiite me
the realtime boom pressuraluring operation (Figur&.3). The actual nozzle pressure was

calculated by subtracting 48.0 kiPam the boom pressure.

Solenoid
valve

Pressure

transducer Capped nozzle

body

Figure3.3. CappedNozzleBody with theSolenoidValve Removed tdMeasureRealTime
BoomPressure.
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The overall system flow rate was measured using a turbine type flow met&6(Flow
Technology Inc., Tempe, AZ). The flow meter carasurea flow rate of up t0227.0 liters per
minute C min) and has a linear response of 1.0 ms. The flow meteinatadiedafter the existing

flow meter underneath the sprayer going into the boom (FRydje

Figure3.4. The flowmetelUsed toMeasure th&ystemFow Rate.

The duty cycle information from 36 selected nozzle control valves (NCV) was gathered by
tappinginto the systemsontrollerarea network (CAN) diagnostic port. The NCWere selected
such that irepresents the duty cycle data frdme 36 virtual sections of the spraydihe virtual
section refers to the grouping of the nozzles across the boom (Figure 3.2). The nozzles can be
either controlled individually, in pairs, onia group of three. Nozzles that were controlled in a
group provided the same duty cycle during operation.

The nozzle pressureflow rate and duty cycledata were recorded at 40 Hz sampling
frequency during the field tests. Thprayer's location anground speed dataere provided by
the global navigation satellite systenGNSS) surveygrade baseover units (GR5, Topcon,

Livermore, CA) and wrerecorded at 10 Hz
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The nozzle pressure, flowrate, duty cycle location, and ground speed data were recorded
using a data acquisition system consisting of National Instruns@®i@-9047 controller andC-
seriesmodulesincluding NF9221, NI1-9870, and N#9853 (Figure 3.5) and a custom LabVIEW

program. The data were saved intdext file for analysis.

’ Pressure data | | Duty cyle data | I Flow rate data | | GPS coordinates I

Pressure Solenoid
Transducer Valve

Data acquisition
system

Control
Computer

Sensor
response

Figure3.5. DataAcquisitionSystemSet-Up.

3.3.3 Data collection

The sprayer speed range used during the operation was calculated based on the nozzle size,
the target speed, and the desired minimum and maximum duty(Eydielaet al., 201). Field
operation was conducted based on the established speed ranges to employ spray application within
the desired duty cycle. The speed ranf@3.0 to 25.0 kplused to operate the sprayer in field 1
wascalculated based on the desired duty cycle ran§@%f and 75% and target operating speed

of 19.0 kilometers per hour (kphh field 2, the sprayer was operated within the speed range of
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14.0 kph to 29.0 kphThe speed range used in field 2 was calculated according to the target
operating speed of 24.k and the desired duty cycle of 50% to 75%. In both fields, the desired
maximum duty cycle of 75% was selected to provide a flexibility for the duty cycle to go beyond
the 75% up to 100% duty cycl€he sprayer was operated within the established speges to
maintain proper spray coverage to minimize application rate €Marsgus et al., 2017Yhe duty
cycle data from each nozzle control valve recorded from the sprayer CAN bus was converted into
the equivalat speed to determine thedimidual speed of each nozzle during operation

The nozzle pressure uniformity during application was evaluated by determining the
instances that theozzleapplication pressure was within thenge wherein the application rate
was at +5.0% of thdesired rateThe coefficient of variation (CV) was also calculated to assess
the nozzle pressure uniformity across the boom. The droplet spaetrauniformity was also
determined by converting the pressure data to its equivalent droplet size (coarse, medium, and
fine) using the manufacturersd catalog (Teej e
(Table 1) The XR 11008 nozzle used in fieldwas expected to provide a coarse droplet spectra
in an application pressure ranging from 103.4 kPa to 2kBa8medium droplet spectra at an
application pressure ranging from 276.0 kPa to 414.0 kPa. In field 2, the XR 11006 nozzle was
assumed to be praling a coarse droplet spectra at an application pressif{®8f4 kPa, medium
droplet spectra at 137.9 kPa to 344.7 kPa pressure range, and fine droplet spectra at an application

pressure ofd14.0 kPaThe uniformity of droplet sizepectravas evaluat by determining the

instances that the droplet remains within the expected size based on the target pressure.
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Table3.1. ExpectedDropletSize Spectra aDifferent ApplicationPressures of thBlozzlesUsed
in theStudy. (www.teejet.com)

Nozzle Type Pressure, kPa Droplet Size Spectra

103.4 Coarse
137.9 Medium
206.8 Medium

XR 11006 276.0 Medium
344.7 Medium
414.0 Fine
103.4 Coarse
137.9 Coarse
206.8 Coarse

XR 11008 276.0 Medium
344.7 Medium
414.0 Medium

The equivalennozzlepressure uniformity data was also estimatamhsidering a flow
based system was used during the applicationndhelepressure was determined by calculating
the nozzle flow rate based on theager's speedsing equation 1.
o Qs — (1)
wherel/min = nozzle flow rateliters per minute.
I/ha = application rateljters per hectare
W = nozzle spacing;m.
kph = speedkilometersper hour.
60,000 = coefficient to convert the valuo liters per minute
The calculated nozzle flow rate was then used to estimaegthealent nozzlgressure
by developing a regression equation using the manufacturer data for the specific nozzle used in the
applicationFor comparison, it was assuntedt there were no boom pressure deviations, although
previous study has indicated that the pressure variation can range from 6.7 to 20.0% during section

actuation when using a flobased systerfSharda et al., 2013)
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The droplet size provided by each nozzle was dependent on the manufacturers' catalog.
Once the average application pressuas determined, its equivalent droplet size was established
using the pressure and droplet size data from the manufacturers' .catalog

Application pressuranapswerealsodevelopedisinghypotheticalscenariosgonsidering
if the applicationdn field 1 and field 2 were conductedusingflow-basedcontrol systemsReat
time applicationspeedsthe numberof On nozzle control sections,nozzle spacing,and target
applicationratescapturedusingthe DAQ systemfor field 1 andfield 2 wereutilized to calculate
theoreticalapplicationpressuredt wasassumedhatthe controlsystemhadno latenciesandthe
system always maintained the theoretically derived application pressures.The calculated
applicationpressuresverethenutilized to deriveequivalentsize usingmanufacturedatafor the
nozzlesutilized in the field application.Calculatedapplicationpressureand droplet size were
mappedn ArcGISfor comparisorwith thePWM system.The nozzle pressure uniformity, droplet
size distribution, and CV mapsene generated using ArcMap 10.6 (ESRI, Redlands, CA) to

illustrate thedata's spatial resulécross the field.

3.4 Results and Discussions

3.4.1 Speed range

In field 1, he average nozzle speed per boom section was within the target speed range of
13.0 to 25.0 kph for 50.0% of the time (Figure 3.6.a). In field 2, the sprayer was operated within
the speed range 06D kph to 29.0 kph for 55.0% of the time (Figure 3.7Tapugh there are no
standard valueregardingthe acceptable duty cycle randget should be used during product
application, most manufacturers suggested the 50% to 90% dilgy kkyadditionMangus et al.

(2017)andBuitts et al. (2019also reported that operating at a duty cycle lower than 50% may
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impact the spray coverage and droplet size uniformity due to incomplete signal overlap between
the odd and even nozzlekhere were instances that the average nozzle speed per boom section
was beyond the target speed ranghich usually occurred when the ager approaches the
headland, if there were changes on terrain wherein it needed to slow down or when turning on the
boundary (Figure 3.6.b and 3.7.b). The nozzle speed from the outer boom seas@isonfaster

during turns thathe nozzle speed on timner boom section (Figure 3.6.b and 3.7.b). The sprayer
operation in headland, terrain change, and curvilinear passes suggests that there would invariably
be instances where the operator i¢edlow down or maneuver the curvilinear pass without much
knowledge on the speed of boom. Further work needs to be conducted to incorporate indicators to
highlight 1) good speed ranges &arceptablapplication and 2) speed of inside and outside of the
spray boom during curvilinear passes to keep the operatomefband make adjustments in
driving style in order to stay in good speed ranges. Additionally, operators may be suggested to
leave and enter the headland at driving speeds, which fall in the desired speed and duty cycle.
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Figure3.6. SpeedDistributionPlot (a) andSpeedRangeDistributionMap (b) forField 1.
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Figure3.7. SpeedDistributionPlot (a) andSpeedRangeDistributionMap (b) forField 2.

The results also indicated thatidentsof boom section operiaig beyond the target speed
range verehigher on field 1 than on field Zhe results were primarily due to mamegulaity in
field 1 requiring morefrequent turns especially on the boundarwhile field 2 was mostly
rectangular where the sprayer neeflasler turns. Sprayer operation at speeds greater than the
speed at which the system implements a 100% duty cycle would potentially result in under
applicaton. Currently, o warning sign or machine control &vailable to limit the sprayer

operation beyond speeds which requires 100% duty cycles.

3.4.2 Pressure uniformity

3.4.2.1 Pulse width modulation system

The results show that 77.0% of the time, tlogzle pressureas within the 249.0 kPa to
296.0 kPa target application pressure in field 1 (Fi§@@), although it was an irregularly shaped
field (Figure3.8.b). However, theozzlepressure at the outer boom sections had a lower instance

of operathg at the target application pressure range than the middle boom sections (71.0%) but
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mostly remains within the preferred pressure range. There were instances tloaztepressure
dropped below the application pressure range (14.0% of the filmeewere also events that the
nozzle pressure was beyond the target application pressure range (8.0% of the time) during
operation.

In contrast to field 1, field 2 was more rectangigdhapedbut it has more varying terrain
with terraces and grassed waterwghigure3.9.b). Thenozzlepressure during operation in field
2 remains within the target application range of 366.0 kPa to 455.0 kPa for 89.0% of the time. The
nozzlepressure on the outer boom sectiats hadower occurrence of operating at the targe
pressure range (87.0%) though it mostly remains within the desired pressure range during
application.Similar to field 1, there were events wherein tlogzlepressure during application
dropped below the target application range (6.0% of the time)ndhele pressure also went
beyond the target application pressure range for 5.0% of the time (Bigae

The nozzlepressure in both fields mostly remains within the target application pressure
range. The selected pressure range irsetyures 3.8 an8.9was based on the range wherein the
application rate will change by +5.0%, +10%, and less than or greater than 10.0% of the target
rate. Tle result indicated theystem's abilitfo make the necessary adjustment to maintain the
nozzlepressure withinlte acceptable pressure rangeen atdifferentfield conditions such as

varying terrains anturning at boundaries
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Figure3.8. PressuréJniformity Plot (a) andPressurdJniformity Map (b) forField 1 when
Using a PWMSystem.
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Figure3.9. PressurdéJniformity Plot (a) andPressurdJniformity Map (b) forField 2 when
Using a PWMSystem.

The study's result also signifiethe system's capabilityo provide consistenhozzle
pressure during section control actuation. This outcome is similar to the study conducted by
Mangus et al. (2017)wherin the PWM system maintains the pressure within +5.0% error

irrespective of the number of active nozziesa laboratory setting when conducting static

60



simulation testsThe result of this study is a great improvement to the spray application technology
as compared to the flowased system wherein the application pressure varies during boom section
actuation, thereby impacting the application rates on sections that remained on as the system
compensates to the change in flowi@ieck et al.,2011) Thoughmajority of the time, thaozzle
pressurgemains within the target application pregsnozzle pressuren the outer section of the
sprayer sometimes operates beyond the target pressure. The outesdutimms weranore
frequentlysubjected to duty cycle changes and seatmnirolactuationespecially during turning

to compensate for speed differencekich may have contributed to this errbtowever, these
instances occurred in a much less peraggntd time in a PWM systethanthe flow-based systems
wherein the application rates variations are higher during tighter turns as the outer sections on the
boom covers more area than the inner secfionsk et al., 2011)

Sprayer decelerath when approaching obstacles suchvesterways and terraces or
entering the headlands and acceleradfter clearing the obstacles or entering the spray zlses
resulted in pressure deviatiofhese eventeequired large flow rate changes from the controller
managing system flow rate the back end. The results indicated control system latencies during
rapid acceleration and deceleration, resulting in the system's inabiteggond rapidlyn such
demanding control situationSharda et al. (2012ndLuck et al. (2011glso reported a deviation
in application rates due to variation in operating speed atiredtelds, which is associatedth
the system latencies when operating a fllased systemHowever, PWM system provides
pressure uniformity for a significantly higher percentageheftime. Both system latency and
lower duty cycle (<40%) may result monruniformity of application which may impact the

efficacy of the product being appliglangus et al., 2017)Similarly, operating below the
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recommended pressure may also influencentizzle's spray pattern degwhich may affect the

spray coverage during operatiidaggupati, 2007)

3.4.2.2 Flowbased system

Comparing theflow-based system's behaviaassuming no pressure latencies during
dynamic transient states, exhibited a different pressure distribution for field 1 and field 2 (Figure
3.10.a and3.11.a). For field 1, nozzle pressure was less than 221.0dtF8.0% of the timand
less than 324.0 kPa in field 2 for 69.0% of the tifflee pressure distributions would invariably
happen because of changing sprayer speeds (Bigyérand3.7) due to terrain changes, operation
on terraces and curvilinear pataad headland maneuvers. Numerous studies have been conducted
with flow-based systems, which indicated nozzle pressure deviation from expected pressure at
reattime speed transitions and section control actugrarda et al., 2010, arfgharda et al.,
2013) The pressure distribution in Figure 3.10 and 3.1tassidering zero contraystem
latencies, but nozzle pressure is bound to vary when usingbfieed systems. The varying
application pressures may not comply with the label specification when applying specific
pesticides. The PWM control system, which can maintain target appticpressure for a
significantly greater percentage of the time, is more likely to contleepplication following the

label specifications
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Figure3.10. PressurdJniformity Plot (a) andPressurdJniformity Map (b) forField 1 in a
Flow-BasedSystem.
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Figure3.11. PressurdJniformity Plot (a) andPressurdJniformity Map (b) forField 2 in a

Flow-BasedSystem.
3.4.3 Coefficient of variation (CV)

The pressure CV in field 1 was less than 5.0% for 88.0% of the time and within 5.1% to
10.0% for 9.0% of the time. There were also instances that the pressure CV during operation on

field 1 was beyond 10.0% but occurred 2.0% of the time during operation (FigBd2.a). In
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field 2, the pressure CV that was less than Shafdpenedor 78.0% of the time while 17.0% of
the time the pressure CV was within the range of 5.1% to 10.0%. BAB% of the timehe
pressure CV was greater than 10.0% during operation (FgLB@). The pressure CV across the
boom was less than 10% faostapplications even though the fields varied in shape, terrain, and
area asrequired by the ASABE standa(dSABE Standards, 2016)he pressure CV vage
during speed transitions, section actuation, exiting or reentering spray zones, although it
mostly stayswithin the 10.0% CV range (Figu12.b and3.13.b). The pressure CVs were also
with 10.0%for PWM systems for a much greater percentage & {@%%- 98%) compared to
onesobservedy Shara et al. (2013jor a flow-based system (26%}pheseresuls indicated the
ability of the PWM system to provide a uniform application pressure adies$oom even at
varying operating conditions. In these events, it was also expected that the systieladpthe
desired nozzldlowrate during operation and thereby applying the correct amount of product
during operation for a greater amount of time than the-Based systenThe quick acceleration

of the sprayer may create a situation wherein the systagnnot immediately respond to the
sudden change in speed and section actyatioich causes the application pressure to overshoot

the target pressure.
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Figure3.12. Pressure C\Plot (a) and C\DistributionMap (b) forField 1 whenUsing a PWM
System.
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3.4.4Expected doplet sizespectra

3.4.4.1 Pulse width modulation system

The type of nozzle used during application in field 1 was anl1X608 which was
expected to provide medium droplets when operating at 276.adkRa4.0 kPaapplication
pressure. On thetleer hand, an XR 1006 nozzle tip used during application in field 2 was
expected to provide a fine droplet size at an application pregided kPa. Results show that the
nozzle's droplet seeduring the operation field 1 was mostly coarse dropletghich occurred for
71.0% of the time. The nozzle producaanedium droplet size for 29.0% of the time during
operation (Figurg.14.aand 3.14.lh Smilar results were observed for field 2 with application in

the fine category for 37.0% of the tirffleigure3.15.a and 3.15.b)
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Figure3.14. DropletSize SpectraUniformity Plot (a) andMap (b) forField 1 whenUsing a
PWM System.
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Figure3.15. DropletSize SpectraUniformity Plot (a) andMap (b) forField 2 whenUsing a
PWM System.

These results signjifa very critical aspect of correct nozzle size selection. Since the nozzles
selected for field application hadboundary limit of target droplet size very clasethe target
pressure, even a small deviation in application pressure would change thé sireplereechet
al. (2015)reported a change in spray droplets duagplication pressure variatiomhe PWM
system maintains the applicatiorepsure within the acceptable range for 87.0% of the time to
apply the target rate within the +5.0% error but the droplet size varies due to pressure variations
during operationBut a correct nozzle selection should havieastprovideda droplet sizepectra
for a similar amount of time.

The droplet sizespectrauniformity resultsin both fields do not imply that the
systemcould notprovide the correct droplet size. It was a matter of selecting a nozzle tip that will
provide the target droplet size & wide range of application pressure. As an example, figure 3.16
shows the droplet size uniformity if an XR2068 was used during product applicatiarfield 1

wherein the target application was 276.0 kPa. S¥R&10-06 nozzle tip was expected to proei
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a medium droplet size in an application pressure ranging from 138.0 kPa to 345heidRare

the system may consistently provide the target droplet size during the opedraiom the wide
range of pressure that delivers the target droplet seeatwarying application pressure during
product applicationTherefore, nozzles should be carefully selected for spray application using
PWM control system@abula et al., 2019and the system should be operated at higher pressure
(@76.0 kPa) a40%)tareducy theimpadt &f pulsiQy on droplet gRadts et al.,

2019)

Droplet Size

@ Coarse
Medium

Figure3.16. DropletSize SpectraUniformity Map whenUsing aNozzleTip with aWide Range
of ApplicationPressure td’rovide theTargetDropletSize.
3.4.4.2 Flowbased system
In a flow-based system, the droplet size during the application in field 1 was at the coarse
category at all times (Figu®17a). This could be the effect of having agmere that was below
the target duringperation. Similarly, in field 2wherein the combination of target pressure and
nozzle tip was expected to provide a fine droplet size, the droplet was within the expected size

category for only 16.0% of the time. g operation, the nozzle provided a medisize droplet
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for 56.0% of the time and coarse droplet size for 28.0% of the time (RBdi#a). The droplet

size distribution was consistent in field 1 (Fig@&7.b) but variel in field 2 (Figure3.18.b) if a
flow-based system will be used in the applicat®imce pressure will increase and decrease with
speed, the droplet sizpectrawill mostly like vary more than what was observed for the PWM
control system. The speed distribution seen in the field 12awdould invariably change the
droplet size because of the changes expected in application pressure. Thertfecasa of flow
basedsystem the only option is to conduct the application in a tight speed range, which limits the
productivity. On the dter side, the PWM control system provides a greater speed range where
both application pressure and droplet size distributions could be maintained, thus providing greater
productivity opportunitiesin the case of the PWM system, even though it may havaliitity to
maintain the application pressure within the acceptable range, the pressure fluctuation may affect

the droplet size distributiofButts et al., 2019)
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Figure3.17. DropletSize SpectraUniformity Plot (a) andMap (b) forField 1 in aFlow-Based
System.
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Figure3.18. DropletSize SpectraUniformity Plot (a) andMap (b) forField 2 in aFlow-Based
System.

3.5 Conclusion

The field performance in terms pfessure and droplet size uniformity of an agricultural
sprayer equipped with a PWM system was investigated. The sprayer was operated within the target
speed rangavhich was determined based on the nozzle flowrate and the most desirable duty cycle
selecte to be used during the application. The application pressure in both fields mostly remains
within the target pressure rangéth the majority of pressure CV of less than 10.0%. It indicates
the PWM system's capability to provide a uniform pressure evevaging field operating
conditions thatould aid the producers to minimize the-wdfe errorsHowever, the operators
needo understand that an abrupt change in speed may cause the pressure to fluctuate cgnsiderably
especially when clearing obstacglesentering or exitingspray zones. Thigeld's shape may have
also contributed to the variation in press@specially on the outer boonssnce these particular
boom sections were subjected to frequent duty cycle changes to offset the changetatsmssd

the boom sections during turns in the boundary. An agricultural sprayer equipped with a PWM
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system performs better than a fldased system in terms of providing a uniform pressure during
operation. Although, the pressure data from a fbmsed sstem were calculated based on the
speed range and other operating conditimmsnded for a PWM system, several studies had
already been published that shihwe disadvantages of a fleased system in providing a uniform
pressure during product application. Even though the PWM system may have the ability to provide
uniform pressure, the droplet size distribution varies in both fields during opetédiaryer this

result does not signify that the system cannot provide the target droplet size. Producers need to
select a nozzle tip that will provide the target droplet size in a wide range of operating pressure to
maintain a uniform product depositiorf-or futue studies, it is recommended to evaluate the
droplet size distribution using wateensitive cards that may provide the actual droplet size

distribution uniformity delivered by the nozzle during application.
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Chapter4-Duty Cycl e | mplementation of

( PWMEqui pped Agricultural Sp

4.1 Abstract

The dependency of agriculture on chemical applications to increase crop production is
increasing. Agricultural sprayers need to be properly calibratetltbe spray system should be
providing the correct product volume regardless of the operator's driving style and field condition.
Frequent speed changes may hapgeimng operationdepending on the field terrain and shape.

In these events, it is expectiéndt the PWM system provides the right duty cycle that matched the
speed of each nozzle across the boom to apply the product at the targétawaever, limited
studies are available that investigdtie PWM system's abilitio provide the correct dutyycle

during product application in field conditions wherein sudden speed transitions and section control
actuation may happen. Hence, this study was conductaslsess th®WM system's ability to
implement the correct duty cycte provide the right amoant of product during operation. A
commercially available seffropelled sprayer equipped with a PWM system was used in this
study. Field test was conducted in a #héctare (ha) and in a 29.0 ha field, referred to as field 1
and field 2, respectively. Bduct application was conducted using a Wilger MR-Q&Mozzle at

arate of 112.0 Liters per hectare () hin both fields, the system was programmed to apply at an
application pressure 3930 kilopascals (kPa) in field 1 atb20 kPa in field 2. Pr&sure
transducers were installed in 10 selected nozzle bodies across the field to provideereal
pressure. The duty cycle data from 36 selected nozzle control valves were recorded by tapping into
the controller area network (CAN) diagnostic port. Itresgnts the duty cycle data from each

sprayer's virtual section. The nozzle pressure and duty cycle data were recorded at 40 Hz sampling
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frequency. The sprayer location and speed were provided by the global navigation satellite system
(GNSS) surveygrade laserover units located at the tayenter of the sprayer boom section
referred to as GPS 1 and an auxiliary eisafjuency GNSS receiver mounted beside nozzle 16,
referred to as GPS 2. Thep r a lpaatiordasd speed data were recorded at 10 Hz. Thaupeess

duty cycle, location, and speed data were recorded using a National Instruments data acquisition
system and a LabVIEW program. The data from both GPS units were used to calculate the speed
from each nozzle across the boom. The speed data were cdrteetseequivalent duty cycle and

were compared to the actual duty cycle implemented by the PWM system. The actual application
rate was also calculated using the speed, pressure, flow rate, and nozzle spacing and was also
compared to the target applicaticate. Results show that the duty cycle and the application rate
accuracyvaries in both fields. These results suggest the difference between the actual duty cycle
implemented by the PWM system to the expected duty cycle based on the speed of each nozzl
andthe actual rate that the PWM system applied to the target application rate. Both the duty cycle
and application rataccuracy decrease with sudden speed transitions, which usually occurs when
the sprayer accelerates when entering spray zones, deeelardaen approaching headland,
clearing obstacles, terrain changes, araking turnsBoth the duty cycle and application rate
accuracy were also lom theirregular field,which could be due to the frequent speed changes
during turns in curvilinear passeespecially on nozzles located at the outer boom sections. These
events may create a lot of demdoidthe control systentontributingto underor overapplication.

The operator should maintain an acceptable speed range and adjust their drivingrstylaize

theduty cycle andapplication rate error during field operation.
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4.2 Introduction

Agriculture is becoming heavily dependent on the application of agricultural chemicals to
increase crop production. However, the application of chemicatgetorop is highly scrutinized
because of its impaabn human health and the environment. Chemical applications cause
environmental concerns because of the production of volatile organic consgM®@). They
are also resistant to degradation and, therefoag enter waterways through surface runoff and
contaminate groundwater due to deep percoldBoady et al., 2006; Kuivilat al.,1995; Werner
et al., 2004) Several pests species also developed resistance to agricultural chemicals that make
them hard to contrdHeap,2020.

Agricultural sprayers became a significant part of the agricultural crop production system
because of their ability to cover large fields. Hence, the spray system needs to be properly
calibrated and needs to be properly working to apply the cormotra of product during
operation. The improper amount of agricultural chemicals applied in the field mayingsodr
product efficacy, leadintgp reduced crop yield, additional cost to producers, and environmental
contamination(Gileset al.,2008)

The development of new spray application technologies has been continuously conducted
to improve the application of agricultural chemic@Bles et al.,2008; Hanret al.,2001; Lebeau
et al.,2004; Milleret al.,1992; Zhanget al.,1995) These technologies have become an integral
component of agricultural sprayers becaugbeif potentidto minimize the amount of chemicals
that are being applied but to a level that is still effective in controlling pests and disegsss and
the same time, mitigate its impamt the environmenfLoghaviet al.,2008) While the reductin

of chemical emission through new technologies doeslmettly benefit the producers, it may
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provide a potential benefit through product savings and better equipment prod(Giieityet al.,
2011)

Implementing flowbased system in the past years offere@féinient way of delivering
the right product volume during operatiGhl-Gaadiet al.,1994; Ayerset al.,1990) A faster
controller response is necessary to manage the application rates in a sprayer with wider booms
operating at varying terrains. In a fldvased system, aside from the concerns regarding the
application rate errors due to latency in controller easp, undeand overapplication, and off
target applicatioriPorteret al.,2013; Samat al.,2015) the system can only apply one flow rate
across the sprayer boom. It increases theicgifmn error potential when applying in irregular
fields due to the increase in the number of turns during operation. The system does not compensate
for the difference in speed between the sprayer's inner and outer boom sections during turning.
The flowrbased system may implement undg@plication in boom section traveling faster and
overapplication in boom section that is traveling at slower speed.

One of the recent technologies that may have the potential to improve product application
efficiency is the pulse width modulation (PWM) system. In a PWM system, agricultural chemicals
are released by pulsing an electronicaltfuated solenoid valve located upstream of the nozzle
bodies. The solenoid valves are pulsed at a desired frequency and duty gyiolg fvam 0% to
100%. The system can provide a riale change in flowrate without varying the application
pressurethan theother systemssuch as the flovbased system wherein the pressure varies
considerably during product applicati®harda et al., 2010PWM sprayers may algarovide a
precise application and significant savings due to its automatio bad individual nozzle control
capability. It may also have the potential to reduce drift, increased canopy penetration, and improve

product deposition. These are all possible because of its abiitpvide the desired droplet size
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based on the produletbel specification and better spray pattern overlap by maintaining a uniform
application pressure during operati@ileset al.,2008; Mangus et al., 201 Tonsistent droplet
spectra and uniform spray pattern overlap can be better achieved when the system is operated at
higher duty cyclest0%) (Butts et al., 2019; GopalaPillai et al., 1999; Mangual., 2017)

PWM system are currently utilized gprayers with wider boonend can operate fastier
increase field capacity, minimize the labor cost, apply the product in a timely mann&¥hile
larger areas can be coveredmay be susceptible to ovand under applications due to the
number of nozzles that the system needs to manage simultaneously, especially when there is a
speed differential across the sprayer batra to turning. Each nozzle should provide the correct
product volume during operatioPWM signal sent to the solenoid vadwaontrok the product's
flow at the nozzlgGiles et al.,2008) Therefore, the correct implementation of the duty cycle
during operation is a critical component oplgation rate management in a PWM system. The
PWM system manages each nozzle's flow rate by changing the duty cycle representative of the
nozzle speed to provide a uniform applicatiohePWM system's abilityo provide an accurate
rate of agricultural lsemicas depend on the systeis capability to immediately change the duty
cycle based on the speed during application. The system needs teatktciozzle's speed across
the boom with the correct duty cycle; otherwise, it will resulapplication erro (Ooms et al.,
2003) The PWM system's latencio actuate the solenoid according to the On/@fhal may
contribute to offrate errors, particularly of fields with varying terrains due to frequent speed
transitions(Mangus et al., 2017Yhe boom movement may also impact the product application
duetothebomdés frequent back and forth action when

to consistent acceleration and deceleration. In these events, the boom movement may consistently
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vary each nozzle's speed, whi ch nngaey eiantpha cnto ztzh
duty cycle immediately.
Limited knowledge exists regarding tRé&/M system'’s abilityo matcheach nozzle's speed
with the correct duty cycle. The systémability to provide the correct duty cycle based on its
speed ione of the keyactors in achieving the target application rate, especialysprayer with
wider boomswherein here areseveralnozzles that the system need manage simultaneously.
Therefore, tis studyevaluateshe PWM system's abilityo accurately implement therrect duty
cycle and apply the right product volume duringcal field operation wherein immediate speed

transition and section control actuation occur.

4.3 Materials and Methods

4.3.1 Machine setup

A commercially available selropelled spraye(Case Patriot 4440, CNH Industrial,
Chicago, lll.) waevaluatedn two different fields at Clay Center, Kansas (Figluig. The sprayer
has a 36.6 meter (m) wet boom with 72 nozzles and spaced at 0.51 m.

Thesprayer's autmozzle functiorwas controlledy the solenoid valvg®Rkaven Hawkeye,
Raven Industries, Inc., Sioux Falls, SD). It was mapped in the controller such that some of the

nozzles are controlled individually, others are couded some are in group of three (Figd12).
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Figure4.1. The Case Patriot 4448gricultural SprayerUsed in theStudy.

Boom Sections

@ b 8 B B b @

l JAAAMAAT AT %XI?

Pressure Sensor

Figure4.2. Layout of theSprayerBoom with 72Nozzle Sections withGroups ofEither 1, 2, or
3 Nozzles. Thenozzles ar?Numbered fronieft to Right Across theBoom.

The display (Raven Viper Pro+, Raven Industries, Inc., Sioux Falls, S.D.) and the sprayer
control system (Case Patriot 4440, CNH Industrial, Chicago, Ill.) has sem&nlahannels that
actuate the boom shaoff valves. The feedback from an inline flowmeter was utilized to regulate
the flow across the boom while controlling the pump speed. The splagdrasn auteguidance
system. The test was conducted in a-fie6ftare (ha) and in 29.0 ha field refertredsfield 1 and
field 2, respectively. Product application was conducted using wattredsst liquid. In both
fields, a Wilger MR11606 was used topply the product at a rate of 112.0 Liters per hectare (L

h™Y). In field 1, the product was applied at an application pressu@3df Bilopascals (kPayvhile
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462.0 kPa application pressure was used in fieBdzh application pressures were higher Byo4

kPa than the target pressure to compensate for nozzle pressure drop.

4.3.2 Instrumentation

A high-frequency pressure transducers with less than one millisecond (ms) response time
and an accuracy of less than 0.25% full scale were used in both TieElpressure transducers
were installed in 10 selected nozzles across the boom sections. The solenoid valve on the selected
nozzle bodies was removed and capped to measure thenreaboom pressure during the
operation (Figuré.3).

The information abaduthe duty cycle from 36 selected nozzle control valves (NC& w
recorded by connecting to the controller area network (CAN) diagnostic port. The 36 NCVs were
selected to represent the duty cycle data from each sprayer's virtual section. The nozzks pressu
flowrate, and duty cycle data were recorded at 40 Hz.

The location and ground speed data of the sprayer were provided by the global navigation
satellite system (GNSS) survgyade baseover units (GR5, Topcon, Livermore, CA) located at
thetop-centerof the sprayer boom referred to as GPE&igure4.4). The data wrerecorded at 10

Hz.
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Valve

Pressure
transducer Capped

nozzle body

Figure4.3. CappedNozzleBody with theSolenoidValve Removed tdVeasureRealTime
BoomPressure.

GNSS
receiver

Figure4.4. GNSSReceiver andBaseStation.

An auxiliary, duatfrequency GNSS receiver (B110, Topcon, Livermore, CA) unit was
mounted right next to nozzle 16, refertechs GPS 2. The GPS 2 also received RTK correction

from the GR5 (Figurd.5).
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Figure4.5. Auxiliary GNSSReceiver (B110) ocatedRight Next toNozzle 16.

4.3.3 Datacollection

The speed range wherein the sprayer should be appllyangroduct was calculated
according to the size of the nozzle tip, the target speed, and the desired minimunaxandm
duty cycleduring operationFabula et al., 2019Applying the product within the target speed
rangemay minimize the application errors caused by improper spray covékdagegus et al.,
2017) The speed range was calculated based on the minimum 50% and maximum 75% desired
duty cycle and 19 kilometers per hour (kph) target operating speed in both Tieddsiaximum
desired duty cyclefd5% was selected to provide flexibility to operate beyond the 75% duty cycle
while maintaining the application within the 100% duty cy@lee sprayer applied the produiict
field 1 within the speed range of 9.3 kph to 24.6 kph, while in field 2 thgespoperated within
the speed ranging from 13.7 kph to 27.5 kph.

The duty cycleaccuracywas calculated by using equation 1. It was determined by
computing the difference between the actual duty cycle based on the data provided by the system's
CAN bus tothe expected duty cyclealculated based on the speed of each noEaleh nozzle's

speedvas determined by using the speed gataided byGPS 1 and GPS 2. The speed difference
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between the two GPS units was divided into the number of nozzles betwee tigecalculated
difference was added or subtracted, depending on the sprayer turn, to each nozzle starting from the

center boom section and then extrapolated to the outer nozzles within the boom sections.

06 OXEd QLG 0 TP Cr6 wp T (1)

On the other hand, the actual application rate was calcuigtednvertingeach nozzle's
duty cycle datanto speed value according to the calculated speed range usedtdedpgration.
The nozzle flowrate was determined by converting the pressure data provided by the pressure
transducer from each nozzle by using a regres
(Wilger, Inc., Lexington, TN).hHe application rate from each nozzle wvtlagn calculated using
equation 2.

or@d 2

wherel/ha = application rate, liters per hectare.

I/min = nozzle flow rate, liters per minute.

w = nozzle spacing, cm.

kph =speed, kilometers per hour.

The application rateaccuracywas determined by calculating the percent difference

between the actual application rate and the target applicatiomsatkown in equation 3.

6NN & QG EHETEE GO Hbod 06 wp T (3)

The nozzle pressure, flowrate, duty cycle, location, and ground speed data were recorded
using a data acquisition system consisting of National Instruments controllers and modules (Figure
46.a) ard a custom LabVIEW program (Figu#e6b). The data were saved into a text file for

analysis.
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The calculated duty cycle and application @teuracymaps were created using ArcMap

10.6 (ESRI, Redlands, CA) to show tiieta’s spatial resulécross the figls.

(@) (b)

Figure4.6. DataAcquisitionsystemSet-Up (a) and LabVIEWProgramUsed toRecord the
Data.

4.4 Results and Discussions
4.4.1 Speed data
Five different straight passes weselected acroseld 1 during operation (Figuré.7).
This was done to determine whether there was a significant differemeeh GPS unit's speed
data Table4.1 shows the difference in speed data betweeGBE. and GPS 2luring straight
runs infield 1. The speed data in both units are comparable to each other, with the GPS1 providing
an average speed data of 23.0 kph while the GPS 2 had a speed of 23.1 kph on average. The

standard deviation was 0.3 and an errd2.afo.
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Table4.1. SpeedDifferenceBetween the GPS 1 and GP®aring StraightPassesn Field 1.
Speed, kph Standard

Pass GPS 1 GPS 2 Deviation Error, %
1 21.9 22.0 0.3 2.2
2 23.8 23.9 0.3 1.6
3 22.8 22.8 0.3 1.9
4 23.3 23.4 0.4 2.2
5 234 234 0.4 24
Average 23.0 23.1 0.3 21

Figure4.7. SpeedAccuracymap inField 1 Considering théifference inSpeedDuring Straight
Passe8Between the GPS 1 and GPS 2.
Similarly, five straight passes were also selected in field 2 to assessatl@PS units'
difference in speed dafkigure4.8). Table4.2 shows the speed difference between the GPS 1 and
the GPS 2 units during straight passes in field 2. Tlwasalsono substantial difference between
the speed data provided by the two GPS units. The GPS 1 had an average speed data of 14.8 kph
while the GPS 2 had 14.9 kph during the straight passes. The standard deviatiotwonGR&S

units' speed dataas 0.4 with anerror 0f3.9%.
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Table4.2. SpeedDifferenceBetween the GPS 1 and GP®aring StraightPasses irField 2.

Pass GPSS[ieed, l:;:s . gg?:t?g?‘ Error, %
1 16.5 16.6 0.3 3.0
2 10.8 10.8 0.4 6.0
3 15.0 15.0 0.4 35
4 15.2 15.3 0.3 3.1
5 16.6 16.7 0.4 3.9
Average 14.8 14.9 0.4 3.9

Figure4.8. SpeedAccuracyMap inField 2 Considering théifference inSpeedDuring Straight
Passe8Between the GPS 1 and GPS 2

In both fields, the GPS 1 and GPS 2 units provided comparable speed data during straight
passes. Therefore,dan beassumed thahe GPS 2 also provided accurate speed data regardless
of its location across the boom duringntsirThe result provided confidence in the accuracy of the
calculated duty cyclbased on the speed provided by both GPS units, hence proasdatgurate

calculation of duty cycle and application rate errors.
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4.4.2 Duty cycleaccuracy

Duty cycleaccuacyin field 1 varies during product application (Fig4r8.b). However,
themajority of the duty cyclaccuracyoccurred within the £5.0 % error range (54.0%) during the
operation (Figuret.9.a). This result indicatethat the difference between the adtduty cycle
implemented by the PWM system and the calculated duty cycle basedtao G€S units' speed
was within the acceptable range for 54.0% of the time. During these events, the system was
expected to be implementing the correct duty cycle aacetbore applying the right amount of
product assuming that the application pressure was consistent and there were no latencies when
implementing thepplication pressurduring product application. There were instances also that
the duty cycleaccuracyfrom eachsolenoid valvevas beyond the rangd +5.0%(46.0% of the
time), which usually happened when the sprayasaccelerating when entering the spray zones,
decelerating when approaching headlands, clearing obstacles, or due to terrain changes) and wh

making turns.

@Section 1 @Section 2
90 - @Section3 @oSection 4
80 mSecfion 5 @Section 6
BSection 7

Frequency of Occurence, %

<100 -100-60 -5050 60100 =100
Duty Cycle Accuracy, %

(@) (b)

Figure4.9. Duty Cycle AccuracyDistributionPlot (a) andMap (b) wherlJsing a PWMSystem
in Field 1.
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The duty cycleaccuracyin field 2 wasmostly beyondt5.0% errorrange which occurred
for 88.0% of the time during application while 12.0% was atr#mge £5.0 % error (Figurel0.a).
In contrast to fieldl, field 2 wasirregularshape and with varying terrain (Figur&10.b). The
sprayer frequentlyaries speed durg turns in curvilinear passes and changes in terrain during
operation, creatin@ lot of demand to the control system. The correct duty cycle may not be
implementedd matd the speed due to the inherent system and GPS lgq#emglyndet al.,2003;
Mangus et al., 2017These events may cause undeover application in areas whéosver duty
cycle accuracyoccurs. Also, the duty cyclaccuracyin both fieldswas lowerin nozzles located
in the outer boom. These nozzles were frequently subjected to duty cycle changes and section
control actuationwhich could have contributed tol@ver duty cycleaccuracy Moreover, there
may be instances that the duty cycle in certain nozzles should go beyond 100% duty cycle and also
below 25% duty cycle to match its speed, especially when traveling in a curvilinedrqasser,
the system was prograned to limit the duty cycle from 25 % up to 100% whichy contribute
to the inaccuracy of product applicatidrhe operator should operate within the acceptable speed

range to minimize the occurrence of having an incorrect duty cycle during operation.
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Figure4.10. Duty Cycle AccuracyDistributionPlot (a) andMap (b) wherUsing a PWM
System inField 2.

4.4.3 Application rateaccuracy

The application rataccuracyin field 1 was within the range of +5.0% for 46.0% of the
time, while about 54.0% of the time, the application eateuacy was beyond the range 050%
(Figure4.11.a). The application rataccuracygreater than £0% occurred fo80.0% of the time
in field 2, while there were about 10.0% of the time that the applicatioracaigracywas within
the range of £5.09Figure4.12.a). Theseresuls signify a substantial difference between the actual
product applied and the target application rate.

The result in botHield tests indicated that majority of the time, the PWM system was
applying the product beyond the target rate during the operatiooch could lead to application
errors (Figuret.11b and4.12.b). It could be due to theWM system's inabilityo implenent the
correct duty cycle to matalp each nozzle's speddring operationwhich could beattributedto
system latencyHan et al., 2001).uck et al. (2011}¥tated that a higher application rate (>93.5 L

ha') will reduce the ability of the nozzle control system to compensate for an acceleration of up to
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1.34 m &. Hence, itis recommended that tispraysystem should have a fast response tine

quickly implement the correct duty cyaering product application to minimize application errors
(Rockwellet al.,1996) Unlike in field 1, wherein it was more rectangular and had mostly flat
terrain, field 2 has an irregular shape and varying terrain. These results suggest that the shape and
terrain of the field maynfluencethe PWM system's abilityo implement the cora duty cycle

due to frequent speed changes, which may impact the product application uniférriatyer
application rate accuracyas observed when the sprayer was applying around waterways and
boundaries. The application ratecuracywashigherwhen orating at straight passes in field 1.

However, a different case was observed in field 2 when applying in straight passes.

BSection 1 @Section 2
90 @Section3 @Section 4
gg D@Section 5 m@Section 6
BSection 7

Frequency of Occurence, %

<100 -10.0-6.0 -50-50 6.0-100 =100

Application Rate Accuracy, %

(a) (b)

Figure4.11. ApplicationRateAccuracyDistributionPlot (a) andMap (b) wherlJsing a PWM
SystemField 1.
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Figure4.12. ApplicationRateAccuracyDistributionPlot (a) andMap (b) wherlJsing a PWM
System inField 2.

The application rataccuracymostly exceeded the 10.0% range that may be attributed to
the fields varying terrain.Grissoet al.(2002)also eported an increase in application rate error
due to field patterns. This could be attributed to the fact that the nozzle locatecspitatyes's
outer boom sectioprovided thdowestapplication rateccuracyduring turns. This could lead to
areas coved by the outer boom sectioeceiving less product thahe areas covered by inner
boom sectiongGarciaRamoset al.,2011) Porteret al.(2013)also reported that the flow rate in
the outer nozzles was consistently greater than the tatgepeaticularly during tighter turns. A
study byLuck et al. (2011ktated that thepeed difference between the inner and outer boom
during turnsm curvilinear passes could cause the system to exceed the target applicatié®oin 24
of the field resultingin application errorsDuring operation, the boom section's lateral movement
may vary the nozzle speed that could cause uneven product distripatah contribute to
application rate error. Traveling in a curved path creathsbenge when operating a sprayer with

a wider boom due to its impacoh application errors which was not completely eliminated even
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with solenoid valvegGarciaRamos et al., 2011 hese factors may have influenced FW&M
system's abilityo provide the correct product volume in some instangbigh could lead to off

rate error, product loss, and inefficient control of pests and diseases.

4.5 Conclusion

The PWM system's abilityo provide the correct duty cycle and apply the right amount of
product during the operation was investigated. The results indicatddiagraluty cycleaccuracy
was observed in an irregularly shaped field with varying terrain. It signifies that tMedygtem
could not implement the correct duty cycle due to frequent changes in speed during the operation,
which could be due to the system latency. These events could impact the volume of product applied
because of the system's inability to provide tigatrilow rate aside from the pressure drop at the
nozzle. Boththe duty cycle and application rate inaccuracy may rasulhe noruniformity of
application that may impact th@oduct's effectiveness controlling crop pests and diseases.
Application erors will be continuously present during product application unless the
manufacturers will further improve the systdor precision sprayingBut in the meantime,
operators should be aware of the factors that can influence both the duty cycle and applicati
error so that they can make the necessary adjustments to the sprayer settings and their driving
styles. The operators can plan to apply at straight passiesperate within the established speed
rangeas much as possible during field operation to mirenthe application rate error caused by

the sprayer turning movements.
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Chapter5-Fi el d Evaluation d&feaToaufrre Con

Pul se Width ModiEbat pPAmed (cRRWMjuar yad r

5.1 Abstract

Agricultural sprayers were utilized in applying pestegdo control pests and diseases in
crops. The increase in machine size and a better control dyaterbeen associated wiititcreasd
productivity, improved efficiengyand minimize theimpact of the chemicainthe environment.
However, the increase in boom width of agricultural sprayer makes it difficult to navigate
irregularshaped fields. A wider boom may also contribute to application error due to the difference
in speed between the inner and outer boomieethen applying ircurvilinear passesThe
introduction of the turn compensation technolbgg the potential to redueerors caused by dise
events. Howevelljttle researchhas been conducted evaluate thextent of field area typically
operated oncurvilinear passes antéchnology's performance when applying the product at
different turning radius during operation. Field tests were conducted in three irregular shape fields
with varying terrain using a 364® selfpropelled sprayer with a turn comsation technology.
As-applied datavasdownloaded from the sprayers console mortiboutilize. GPS coordinates
and heading durinthe operation were usdd calculate the turning radius of the sprayer. The
turning radius wasclassified as extreme turn (&® m), medium turn (20.0 m to 50.0 m), and
slight turn (50.0 m to 100.0 m). Straight passes were classified when the turning radius was more
than 100.0 m. The results show thanhing occurednear the grassed waterways, boundaries, and
end of headland$lineteen percent of field 1 were applied witle product during turning, 17.8%
in field 2, and 22.5% in field 3. These could have been the percentage of fieddhatemay

receive more or less product if the sprayer was not equipped with turn conpetsainology.
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As expectedthe speed difference between the inner and outer boom increases as the radius of turn
decreases. The speed difference could translate to anaplgration on the outer boom section
where the speed is much faster and @mtication on the inner boom section where the speed is
slower.The application errors from such speed differential could vary #A@12% to +1058.0 %.
However,the PWM system implemented duty cycles based on turning speeds, which would
potentially resultm more unifornproductapplicationacross the field regardless of the travel path
during operationOverall the turn compensation advantagsisould be one of thproducers'

consideratioa when selecting a spray system for product application.
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5.2 Introduction

Chemical application is one of the most important aspects of crop production. The
application of agricultural chemicatsinimizes pest damagensuring good crop quality, yields,
and asteadysupply of foods for the growing population. Agricultural sprayers are usually
employed to apply agricultural chemicals, which is usually done several times during the cropping
seasordepending on the management practices and farming syStem producers in the US
apply 400 Mkilograms and spent about $15.2 B of pesticides annually to control pests and diseases
in their fields (USDA, 2020) Increasing the machine size and improving the obrsystem
capabilities to apply the product uniformly across the fielcreases productivity, enhanced
efficiency, and reduced the pesticides' negative impact on the envirofhantia et al., 2010)
Agricultural sprayers are now equipped with wider booms and operate faster to increase the
machine's field capacity. The introductiorflofv-basedate contrders in the past years provided
an effective way of applying the correct product volume during opergliloGaadiet al.,1994;
Ayers et al.,, 1990)Wider sprayer boom and varying field terrain require a faster controller
responseto manage application rateduring operation.Among many concerns, including
application rate errors due controller responseunderand overapplication, and offarget
application(Porter et al., 2013; Sama et al., 2QXfw-based systems can only apply one flow
rate across the entire booRrevious studies also show the impact of an irregularly shaped field
on application rate sors(Luck et al., 2018, Sharda et al., 2013prissoet d. (2002)also reported
a lower machine efficiency when operating in asymmetrical fields, which increases the possibility
of overlap and offate errors due to the increase in the number of turns during operatioateff
errors aralsomore prevalenmivhen applying a product in a more complex fiddndonadet al.,

2011)
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With the increase in boom widtkhe inside and outside of the booms would travel at
significant speed differentiaéspecially when traveling on curvilinear passes to covegular
shapdield boundriesandaround grassed waterwaysick et al.(2011)repored that the sprayer's
outer boom sections exceeded the sprayer travel speed while a slower travel speed is observed at
the inner boom sections during turnifidhe magnitude of speed differential on boom ends and
application rate errors would depend on togrradii, boom width and travel speeds. Hbased
systems would inherently implement undgplication for boom travelinfasterthanthe sprayer
travel speed and ovapplication for ones with lower speddverall, a sprayer traveling at faster
speed with wider spray booms traversing smaller turning radii would have greater speed difference
between inside and outside booms, which could generate significant andaverapplication.

PWM spray controlleyare commonly being implemented self-propelled agricultural
sprayers. The PWM controllers manage flow at each nozzle by running solenoids at a duty cycle
representive of travel speed to implement target application rates. The PWM controllers can
control the nozzle flow rate both during straight and curvilinear pasBesing curvilinear
operation, the system increases the duty cycle of each mopziag at higher speeat the outer
boom while decreasing the duty cycle of the nor&aeeling at slower gedson the inner boom
to manage the flow rat&he controlle's ability to implement nozzle spebdsed duty cycles to
manage nozzle flow rates is often referred tthasurve or turn compensation feature.

The PWM systers advantage over the flobvasedsystem isalsoits ability to turn the
solenoid On and Off immediately, which becomes possible due to the faster response time of the
valves from the nozzle bodieBhe solenoid action holds the pressurized liquid dosiee nozzle
and provides rapid spying when actuated to On staithe PWM system's ability to compensate

for the difference in speed depends on the radius of turn and PWM duty cycle when turning.
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However there is lack of knowledge on percentage area typically farms might have which
coud utilize turn compensation feature and potential reduction of tenuidroverapplication.
Therefore thigesearch wasonductedo evaluate the turn compensation capability of a PWM
system during operatiowith a gecific objective to 1) quantify percemtrea sprayed with turn
compensation feature actuated on typical agricultural fields; aadaR)ate the application error
during turningdue tospeed difference between the inner and outer boom sections at different

turning radius without the turn compsation.

5.3 Materials and Methods

5.3.1 Sprayerset-up
A 36.6-meter (m) selpropelled front boom spray@8P370F Guardian, New Holland, PA)
with 73 nozzles spaced at 0.51m was used in this study (Fgicelhe sprayer was equipped
with anintegratednertial measurement ursapable of detecting the change in the direction and
movement that can be used to calculate the turn compensation correction needed during product

application.
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Figure5.1. The SelfPropelled Agricultural Sprayer Usedlthe Study.

The nozzle bodieshad solenoid valves that control the autozzle function(Raven
Hawkeye, Raven Industries, Inc., Sioux Falls, $Djing operation. The solenoid valves were
mapped in the cordler sothat the first outer nozzles on the left and right side of the boom were
controlled individually. The following thirty inner nozzles on the lefiomand the thirtytwo-
nozzles on the right boom section were working in tandem, and the remainigswere irthe
group of three (Figurb.2).

The sprayer control system has five control channels that actuate the boaff ghlvies.

The inline flow meter regulatithe target flow across the boom. A hydraulic valve @dia pulse

width modulationsystem controls the overall system flow rate. The sprayer was also equipped
with an auteguidance system that minimizes the operator's control of the vehicle during straight
passes. A field test was conducted in three different fields with varying shraptsrain. Field 1

was a 57.0 hectares (ha) field, while field 2 was 53.0 ha, and field 3 was a 54.0 ha field. Field 1
was applied with the product at a rate of 93l@a* at an application pressure4%2.0 kPawhile

field 2 was applied with12.0 L hat at 324 kPa application pressu@n the other hand, field

was applied a112.0 L hal at 462.0 kPa. In all applications, an XR 1a® nozzle tip was used.
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Also, the pressure was set at 48.0 kPa higher than the target pressure to comperestaufer
dropacross solenoid anabzzlebody. In all fields, the operator made a single pass to cover the

field boundary before applying the remainder of the fields using parallel passes.

Legend:
v Nozzle Location

Boom center line

Nozzle sections with group

4 . 5 of 1, 2 & 3 nozzles
<« Boomsectons ————»

l | | i
R

Figure5.2. Layoutof the Sprayer's Autdlozzle Control Functiowith Nozzle Valves
Controlled Individuallyjn Tandemor in a Groupof Three.

5.3.2 Datacollection and analysis

Machine asapplied data were downloaded from the sprayer console monitor after the
product was applied to the three experimental fields. The data contains the GPS copsgieates
heading and other perating parameteiacross the fieldThe turning radius was determined by
calculating the change in the sprayer's heading between two succeeding GPS locations. The turning
speed was then calculated by divi dineiitgokthdhe c h a
sprayer to travel a certain distance from the next GPS coordinate. The status of turn compensation
was evaluated based on the triggering paramet
turn compensation was assumed to be activikeifcalculated turning speed wg3.75 deg/sec

while it was assumed to be deactivated once the calculated speed was <0.5 deg/sec. These
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parameters provided the turning radius when the turn compensation was executed. Table 5.1 shows

the turn classificatiofor different ranges of turning radii.

Table5.1. Turn Classificationfor Different Rangesf Turning Radii.

Turning radius, Turn . .
g e Expected Speed differential
m classification
- = — 5
<20 Extreme Tum Turns with smgll radii resulting in over 85% speed
increase from inner to outer boom of the sprayer.
. . 0
20 <r <50 Medium Turn Average size tgrns with at least 25% speed
increase from inner to outer boom of the sprayer.
50 <1 < 100 Slight Turn Turns just qbove the threshold for activating turn
compensation.
r> 100 Straight run Any pass with no discernible turn that would enable

turn compensation.

The percentage area of the field applied with the product at different turnimgvessli
determined using the ArcGIS. The Thiessen polygon method was used to calculate the field area
where the turning occurrett.converted the calculated data into polygons corresponding to each
point that contains the area surrounding the given poihtsitédoser than any adjacent point. The
Thiessen polygon provided a final output data that contains the area of each polygon.

The difference in speed between sipgayer's inner and outer boom sectwas calculated
at each turning radius. The possibplcation error caused by the difference in speed of the inner
and outer boom section during turning at different radius was determined to exhib# amtler

overapplication for systesithat do not have turn compensation features

5.4 Results andDiscussions

The three experimental fields shown in fig&t8 provide the locations that were applied
with the product during extreme turning radius (red), medium turning radius (yellow), and slight

turning radius (blue). The green portion on the map atdg straight passes. In fields with an
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irregular shape, it is necessary to spray a significant portion of the field while turning. Nineteen
percent of field 117.8% offield 2, and22.5% in field 3wereapplied with the product when the
sprayerwasturning (Table5.2). The mapsalso exhibitedhatcurvilinear passes occurreabstly
aroundgrassed waterwaysjongfield boundaries, andt the end of the headlands. As the field
becomes more irregular due to grassed wateraaggield boundary conditions ti@hallenging
terrain safe driving (like ditches, etcs)jch as field 3, the number of turns that the sprayeredeed
to cover the whole fieldncreasd as well.During curvilinear passedhe application error may
increase due to the difference in theespbetween theprayer's inner and outer boom sectjons
particularly when using a flowased systerfLuck et al.,201(). Minimizing the application error
when applying a product using a fldvased system may only be possible by minimizing the
sprayer turns in #afield and conduct the application in straight passes. However, thisatias
practically feasiblavhen operating in irregular field&\pplication errors may occur at locations
where the operator tends to make a turn while covering the field. Althbegxtent of the impact

of application error to crop yield may not be established, theapication of chemicals such
as glyphosate may reduce the growth of soybdResid/ et al., 2000; Reddyet al., 2003)
Application errors may not only cauaeeduction in yield butanalso increase production cost
and environmental contamination. Likewise, applying the product below the target may not cause
any damage to crops; however, it nmagult toyield loss due to weed growth when the application
rate falls below the recommendesite based on product label specificat{@ox et al., 2006;
ShafaghKolvanagh et al., 2008)Overapplying chemicals may also cause environaen
pollution astheymay accumulate in soils and be carried by-offithat can contaminate surface
and groundwaterAdditionally, thefield's shapemay also contribute to application error due to

multiple applicatios using a flowbased systenfLuck et al., 201B). The lbw efficiency of
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machines such as spragemay be attributed to a higher number of turns associated with the field
shapes. The increasetiee number ofurns may increase the chances of overlap and application
error due to field patterns and theom's reactionluring tuns (Grisso et al., 2002)Thereforea
higher application error potential may be expected to wider equipment such asssgpaiyeng

on fields with greater irregular boundaries

Figure5.3. Maps Showingthe Different Typesf Turnsin Field 1 ), Field 2 p), and Field 3
(©).
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Table5.2. Field Area Appliedwith Productat Different Turning Radi

i Field area, %
Tur.nmg ’ Total  Average
Radius, m
1 2 3

<20.0 4.2 3.4 4.4 12.0 4.0
20.0-49.0 8.7 8.9 11.9 29.5 9.8
50.0-100.0 6.0 55 6.2 17.8 5.9

Total 19.0 17.8 225 59.3 19.7

The study wasconducted on fielsl with varying shapes and terrain. The fields were
irregular in shapes and dhaome nomavigable grassed waterways. A significant number of turns
were necessary to navigate around the grassed waterways and field boumtlaresvill bea
significant difference in the inner and outer boom sections that may contribute to application error
during these turng\s an examplelable5.3 shows the speed difference between the middle boom
section andhe left boom section and the middle boonctsen and the right boom section when
the sprayer was operating at 24.1 kilometers per hour (kph). It was assumed tmaddise
section's speedas the same as teprayer's ground speed

During straight passes (R@he speed of the left boom sectiardahe right boom section
was expected to be the saasthe middle boom section. Howevaren the sprayer was turning
right and the turn radius was 20.0 m (R1), the left boom section will have a speed of 46.2 kph
which was 22.1 kph faster than the meltdloom.On the other hand, the right boom section will
have a speed of 2.1 kpWwhich was 22.1 kph slower than the middle boom section. In the case
20.0 m turn radius, there will be a speed differential of 44.1 kph betwedsft boom section and
the right boom sectionAt 1000.0 m turning radius (R4), the left boom had a speed of 24,6 kph
which was only 0.4 kph faster than the middle boanile the right boom section was only 0.4

kph slower than the middle boom section. Also, there was only a 0.9&pt difference between
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the left boom section and the outer boom secwerall, the speed differential between the inside

and outside boom sections will be reduced waitincrease in turningadius(Figure 54).

Table5.3. SpeedDifference Betweetthe Boom Sectionat Each Turning Radius.

Speed, kph
) . Radius . . Speed Speed
Events Travel Direction (m) Left Middle Right Difference  Difference
Boom Boom Boom 1] 2]
RO Straight 0.0 24.1 24.1 24.1 0.0 0.0
R1 Right 20.0 46.2 24.1 2.1 22.1 44.1
R2 Right 50.0 33.0 24.1 15.3 8.8 17.7
R3 Right 100.0 28.6 24.1 19.7 4.4 8.8
R4 Right 1000.0 24.6 24.1 23.7 0.4 0.9
Note: [1] i Speed difference between the middle boom and left boom.
[2] T Speed difference between the left boom and right boom.
Middle Boom
50.0 Left Boom = l » Right Boom
45.0 +— Straight Pass

40.0 —— Turning Radius @ <20.0 m
: Turning Radius @ 50.0 m

35.0 —— Turning Radius @ 100.0 m

30.0 Turning Radius @ 1000.0

25.0 T T ———
20.0 M
15.0
10.0

5.0

0.0
0 10 20 30 40 50 60 70 80

Nozzle Number

Speed, kph

Figure5.4. Speeddf Each Nozzle During Right Turat Different Turning Radi

The speed difference between the boom sections may translate @pplieation error
during operationespecially when using a system thagsioot have a turn compensation feature.
Table 5.4 shows theapplication rateerrors (negative values indicating unagplication and

positive values asoverapplication)between th outer boom sections during tight turifisan
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application system lacksturn compensation feature (like a fldyvased rate control systeni) a

right turn witha 20.0 m turn radius (R1), when the middle boom sectippliedthe target
application rate 0112.0 L hat, the left boom section was only applying 58.0 t*hahich was
48.2% less than the target applicati@m the other hand, thieght boom sectionvas applyingat
1,297.6 L h& that was about 1,058.0% higher than the targe{Fagere 55). This event indicates

an underapplication on the left boom sectitraveling fasterand overapplication on the right
boom sectiorraveling slower than the centef the sprayer. As the turning radiimereasesthe

speed differential between inside and outside bseations decreasegdhich also reduced the
application rate error. At 1000.0 m turning radius (R4), the application rate error was reduced to
2.6% on the left boom section and only 1.0%lanright boom sectignndicatinga fairly uniform

application between the boom sections

Table5.4. ApplicationRate Erroon the Leftand Right Boomat Each Turning Radius.

. Application Rate, L ha* Application Application
Events Travel Radius — ™ \iddle ~ Right _ Rate Error, %  Rate Error, %
Direction (m) o) 2
Boom Boom Boom
RO Straight 0.0 112.0 112.0 112.0 0.0 0.0
R1 Right 20.0 58.0 112.0 1297.6 -48.2 1058.0
R2 Right 50.0 81.3 112.0 175.1 -27.4 56.4
R3 Right 100.0 93.9 112.0 135.9 -16.2 21.4
R4 Right 1000.0 109.1 112.0 113.1 -2.6 1.0

Note: [1] T Application Rate Error at the left boom.
[2] T Application Rate Error at the right boom.
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Figure5.5. Application Rateof Each Nozzlavhen Turning Righét Different Turning Radi

Table 5.4 and Figure 5.5 shows ttat operators should expeapplication rate errgron
curvilinear passesvhen applying the product usingsprayer without the turn compensation
feature. Thee application rate errors are generated because 1) the system did not have the
intelligence to establish individual nozzle or boom control section travel speeds and; 2) lacking
control ability to implementozzle and boom control section flow rate representative of its ground
speeds. Suchssues can be avoided with thémplementation of PWMspray application
technology PWM system can map speed of each control and can implement representative flow
rate by banging duty cycles both during straight and curvilinear passesexamnple,on a
curvilinear pass witlthe sprayer turning leftthe PWM can reduce the flow @2 L min*for the
inner boom section operating at a speed of 2.4 &pth increase flow .2 L min for outer boom
traveling at24.0 kph thus having the potential to implement control to manage application rates

of 112.0 L h&t across the boorfFigure5.6).
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0.2L min?
2.4 kph
112.0L ha*

2.2L min?
24.0 kph
112.0 L ha'

Figure5.6. A Sprayemwith Turn Compensation Feature Applyitige Product Uniformly Across
the Field.

5.5 Conclusion

A sprayer equipped with the turn compensateaturemay have an advantage over other
systens such as the flovbased system when it comes to providing a uniform applicatioromate
curvilinear passesThe sprayer with such technology may avoidierapplicationon the outer
boom section andver-applicationon the inner boom section during operation in irregular fields
wheren applying ina curvilinear path is necessary to cover the entirety of the fi¢ld.19.7%
averagdield area covered with sprayer on a curvilinear pass constitutes a significarm pdrich
can potentially have a significant detrimental impact from inappropriate application/vatesut
the turn compensation, the areas in the field that were uratedoverapplied withthe product,
which usually occurs ithe location where the spyer is turningsuch as grassed waterways,
boundaries, and at the end of the headlacmisld contribute to pesticide resistance among pest
species, increase the input costs and environmental contamination. The benefits of the turn
compensatiorieatureshould be considered by the producers when selecting a spray system for

product application.
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Chapter6-Concl Recommemdadmwancti cal

| mpl i cati on

6.1 General Conclusios

The following conclusions were drawn from this research:

. The differentcommercially available PWM systenprovided a different pressure drop
when applying different application rates and pressures. The pressure drop of the PWM
systems increases with the increase in the application rate and pressure. The producers need
to congder the drop in pressure that a particular PWM system provides when operating at
a certain rate and pressure to make the necessary adjustment during product application.
This will ensure that the product was applied at the correct pressure, spray paitern,
droplet size, minimizing the application errors caused by operating at lower application
pressure than the target. Each PWM system also has an inherent latency before achieving
the target pressure. This latency may increase the application errmlpdytin PWM

systems operating at a higher frequency. Due to this latency, the evaluated PWN system
operate at less time than the specified duty cycle during each cycleTimenozzle
provided less product during operatiamedo the pressure dropdagystem latency

. The PWM system provided an application pressure within the acceptable rang®%r 8

of the time during field operation. The result suggests the system's ability to provide an
application pressure that will not vary the application bgtee10.0%. The majority of the
pressure CV was also below 5.0%, indicating less variability in application pressure
between boom sections during operation. This result was far better than-bafied

system, wherein it operates at a much lower pressaretiie target for 68.0% of the time.
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The variability in nozzle pressure when using a floaged system was due to the changing
sprayer speed as a result of terrain changes, operating hstragght passes, and
maneuvering in headlands. The droplet sizesp vary during the field tests. However, it
does not indicate the PWM system's inability to provide the target droplet size spectra
during operation but signifies the importance of selecting the correct nozzle for product
application. Producers shouldlsct a nozzle that provides the target droplet size within
the wide range of application pressure to ensure uniform product deposition across the
field.

. The duty cycleaccuracywithin the +5.0% waslower in an irregularly shaped field with
varying terrain {2.0%) than arectangular field with relatively flat terrairb4.0%). The

result indicates that the frequent speed transition may impact the system's ability to provide
the correct duty cycle when operating in fields with varying terrain and shape due to the
repeated ameleration and deceleration of the sprayer to clear the terraces, grassed
waterways, and field boundaries. The applicataie accuracwithin the+5.0%was also

lower in irregularly shaped fieldsl0.0%) than rectangular one$6(0%), which could be

due to an incorrectudy cycle resulting in an inaccurate nozzle flow rate during product
application.Lower duty cycle and application raéecuracycould result in an inconsistent
application that may impact the product's efficacy to manage pests and diseases among
crops.

. The speed difference between the sprayer's inner and outer boom section dnerdase

the decrease in the turning radius. The speed difference could impact the application rate
as more products will be applied by the inner boom section than the outer boimon s

when making turns resulting in undesnd overapplication. The field area (19.7%)
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covered by the sprayeiith curvilinear pass constitutes a significant portion that can have

a potential significant detrimental impact from inappropriate applicatites.The turn
compensation technology may minimize the application error caused by the difference in
speed of the sprayer's inner and outer boom sections, which may usually occur in locations
where the sprayer turns, such as near the grassed watdraaydaries, and at the end of

the headlands. With the turn compensation technology, the impact of pesticide resistance

and environmental pollution may be minimized.

6.2 Recommendations foFuture Work and Product | mprovement

Agricultural sprayers continue improve in recent years by introducing new technologies
such as the PWM system. In this study, the PWM system's performance was evaluated under
laboratory andield conditions wherein frequent speed transitions and section cactration
may occur.The study results suggest the system's capability to provide the target application
pressure within the acceptable rangewever, sidy should be conducted in the future to assess
the system's ability to provide the desired droplet size and distribudiog watersensitive cards
to evaluate the uniformity of product applicationderfield conditions. Different nozzles that
provide the desired droplet size in a narrow range of application pressure and another that delivers
the desired droplet size in aide range of pressure should be selected. This will show the
significance of selecting the correct nozzle size to deliver the desired droplet size based on product
label specification.

During product application, the operator needed to manually ovehedsptayer's auto
boom functionto avoid hitting the ground, particularly in a field with terraces. This action causes

the sprayer to apply the product when the boom is at a certain angle above the ground. Therefore,
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the impact of the vertical boom movenhern the spray distribution uniformity should be
evaluatedThere were also instances that the wind speed and direction drastically change as the
operation continue® apply product to the entire fielthence, the impact of the wind speed on
product depdson and uniformity should also be assessed.

Operators usually perceived that the new technology was properly responding to deliver
the correct product volume and droplet size at the target presganeatvarying field conditions.
The operatois understanding is usually based on the system's feedback displayed on the monitor,
which serves as the only tool to indicate the sprayer's performance during product application. The
operator assumes that the sprayer performs properly if the displaytésdibat the application
rate and target pressure are maintained. However, the application pressure can vary during sprayer
deceleration and acceleration when applying in irregularly shaped fields with varying terrain.
Therefore, there is a need for anegptation of a pressure drop mapping system for true nozzle
pressure implementation. This system will be independent of nozzle selection, application
pressure, and rate. The system will be intelligent enough to adjust the application pressure based
on the arrent operating conditions. The pressure variation during operation may also vary the
droplet size spectra during product application. The operator may unknowingly apply the product
that does not comply with the label specification in terms of the dreip&etintegration of a nozzle
pressure and nozzle type that displtne droplet size spectra is necessary. This display will give
the operator confidence that the correct droplet size is appliedvear@ness when the droplet
spectra are out of range.ntay also serve as important documentation for the applicators from
regulatory bodies if the product label specification was followed ddnegpplication.

The result of this study also shows that the PWM controller was not able to implement a

nozzle spedbased duty cycle during operation, particularly in a field with varying terrain and
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when turning In these casethe outer boom section may travel at a speed beyond the target speed
while the inner boom section may be traveling too slow. Since thentusystemcould not
implement the correauty cycle based on the nozzle speed, an integration of a secondary sensor
on the boom is necessary for accurate nozzle speed measuremestuiza nozzle speeldased
duty cycle.

Also, operators usually driviaster during operatiodepending on terrain and what the
terraces look like to covéarge areaandimmediately complete the product applicatiblowever,
if the sprayer operates beyond the established speed range recommended for duty cycle
implementatbn, there is no current speed warning in the gatférm the operator that the sprayer
was operating too fast and might be implementing an under appliclatiegration of the speed
warning on the main display is necessary to keep the operator infthatetie sprayer needs to
slow down to avoid applying the incorrect amount of proddetther feature that should be added
to the system is the integration of the Tractor Implement Management (THe)TIM is one of
the most advanced technologies thatudth be implemented in agricultural sprayérkis system
will automatically control the machin® minimize application errors if the operator does not
adhere to the warnings.

The recommended product improvements were all based on the learnings fretadiis
These product improvements were currently under research and being ddwelog integrated

into the current spray system.

6.3 Practical Implications

The control resolution on the agricultural sprayer is becoming smaller due to the

technologcal advancement in sensors, compytersd actuatorsThe development of new
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technologies in chemical applicatiogreatly improved the efficiency of agricultural spray@ise
introduction of pulse width modulation technology in agricultural spraypersasedhe control
resolution due to its ability to regulate each nozzle's flow rate. The increasing demBidM
technology in chemical applications compelled the different agricultural sprayer manufacturers to
integrate the systemtmtheir agriculturbsprayers. As the new technologies are introduced in the
market, producers usually perceived that the technology is properly working and applying the
product uniformly across the field.

As pointed out in this study, different commercially available PWgtesrs provided
different pressure drepnvhen applying certain application ragesl pressurd.he operator should
consider these pressure dsaphen setting the target pressure to avoid application erroes. Th
PWM systenmalso hasan inherent ON/OFF latep¢hat may impact product application accuracy
This study willserveas a decision tool for the producers whether to select drémuency or
high-frequency system. Producers should be well informed that higher frequency system might
have a higher cumulative latency per second which could impact the product application
uniformity. Therefore, it is important to understand the pressure and flow dysmavhien using
the PWM system in the liquid application so that producers praperly implementthis
technology This research may also help the producers select a control systerbgfied system
or PWM system) that can provide uniform pressure and drsigke spectra during field operation.

Frequently, agricultural sprayers are driven by the operator at a faster speed if field
conditions permito complete product application immediatelyhe operator's understanding is
that once the sprayer is propedalibrated, the system applies the product uniformly across the
field regardless of their driving stylelowever, the operators should recognize that operating the

sprayer beyond the target speed range established for proper duty cycle implementation could
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cause undeapplication. Hence, this study wdhow them the importance of staying within the
target speed range to avoid application errdgs researclalsoindicatesthat the PWM control
system could not implement the correct duty cycle represeatitithe nozzle speed, particularly

in an irregularly shaped field with varying terrain due to frequent speed transitions. Therefore, this
study could help the operators understand that careful planning on conducting the application is
necessary when ogaing in irregularly shaped fields with varying terrain to minimize the sudden
speed changes and reduce application erings research may also help producers decide
whether there is a need to invest in new technologies such as the turn compensation.

Manufacturers could also use the information in this study to further improve the system.
Manufacturers could integrate features that may help the operators to minimize errors during
operation. These features will keep the operators informed of the spnagtime performance
in providing the correct product rate and droplet size spectra that is critical for effective pest
control.

Crop producers are adopting new technologies to improve product application efficiency.
However, sprayer operators shohlave a better understanding of the system's performance in
varying field conditions to avoid possible application errors to attain the concept of precision
agriculture. Continuous research and development of spray technologies are essential to attain
uniform product distribution. Producers are required to apply the product based on specifications
as directed by Federal regulations. The utilization of improved precision liquid application
technologies may address the problem of application error, pestésideance, and environmental

pollution caused by chemical application
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AppendixA-Equi pment Specificatio

A.1 New Holland SP370F Sprayer

Engine: FPT Cursor9/8.7 L/ Tier 4B

Rated Power: 328 (244)

Power Bulge: 369 (275)

FuelTank Capacity: 150 (568)

DEF Tank Capacity: 24 (91)

Transmission: Hydrostatic drive with electronic controlled
Danfoss H1 series heawdyty twin 130 cc
pumps

Speed Range: 4 User set speed ranges: 82 (07 51)

Crop Clearance: 74 (187.96) or 76193.04)

Tank Material: Stainless Steel

Tank Capacity: 1200 (4542) / 1400 (5300) / 1600 (6056)

Rinse System: Standard electric controls or optional Auto

Rinse 150 gal. (568 L) poly tank with 2 in.
(5.08 cm) fill connection

Mono Boom Width (ft): 90/60,100/60, 120/70

Truss Boom Width (ft): 120/73, 132/73, 135/73
SprayAir Boom Width (ft): |

Nozzle Bodies: 3 way, 5 way, 3+1, IntelliSpray
Shipping Height (cm): 154 (391)

Shipping Width (Mono): 145 (368)
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Model:

Rated power:
Peak power:

Peak torque:

Number of cylinders:

Displacement:
Engine make:
Engine model:
Tank size:
Solution tank:
Solution pump:
Boom location:
Boom width:
Boom sections:
Ground height:
Nozzle spacing:

A.2 Case Patriot 4440 Sprayer

Patriot 4440

335 hp (250kW)

374 hp (279 kW)
1,143 ftlb (1550 Nm)
6

531 cu.in (8.7 L)
Case IH FPT

Cursor 8.7

1,200 gal (4542)

Stainless Steel
Centrifugathydraulic motor driven
Rear

120 ft (30.5 m)

p

241084 in (61 to 213 cm)

20 in (50.8 cm)
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A.3 PCB Piezotronics Thin Film Membrane Pressure Transducer

Manufacturer: PCB Peizotronics

Part number: 1502B81EZ100psiG
Measurement range, kPa (psi g): 0-690 (6100)

Output, (Vdc): 0-10

Accuracy: O 0.25% FS
Drift: O 0.2 % FS/ Ye
Sensitivity, mV/kPa (mV/psi): 14.5 (100)

Resolution: O 0.01 % FS
Response time, ms: O 1

Environment:

Proof pressure: 2X FS

Burst Pressure: > 35X FS

Fatigue life: 108 FS cycles
Electrical:

Supply voltage, VDC: 11.5t0 30

Current consumption, mA: 6

Physical:

Pressure port: 1/4-18 NPT

Thread: External
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A.4 Flow Technology Inc. FlowM eter

Manufacturer:

Part Number:
Calibration accuracy
Repeatability
Linearity.

Response time
Housing material
Rotor material
Temperature range

Operating pressure

Ball bearing material
Journal bearing material
Pickof f 6 s

Straight Run
Recommended filtratian

Flow Technology Inc.

FT-16

+0.05% of readingraceable to NIST
+0.05% of reading

+0.10% with linearizing electronics

3-4mS typical

316 stainless steel, standard

430F stainless steel, standard

-450 to750°F, dependent on bearing and
pick-off

Up to 30,000PSIG, dependent on fitting
440C stainless steel or equivalent, Ceramic
Ceramic, tungsten carbide, graphite
Modulatedcarrier and magnetic

10D upstream and 5D downstream minimu
Ball bearings: 10 to 100 microns (less
filtration with larger sizes) Journal bearings
75 to 100 microns
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A.5 High Sensitivity DC Accelerometer

Manufacturer: PCB Piezotronics

Part Number: 3741E1210G

Sensitivity: (x3%) 400 mV/g (40.8 mV/(m/s?))
Measurement Range: +10 g pk (x98.1 m/s? pk)
Broadband Resolution: 0.4 mg rms (0.004 m/s2 rms)
Temperature Range: -65 to 250 °F+64 to 121°C)
Frequency Range: (x3dB) 0 to 500 Hz

Electrical Connector: Integral Cable
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A.6 Baumer Ultrasonic Sensor

Primary brand

Main function

Product series / family name
Subrange name

Supply voltage (DC)
Sensing distance

Shape

Connection type

Analog outputs
Measurement accuracy

Degree of protectian

Dimensions

Materiat

Ambient air temperaturr operation
Functions

Protection functions
Visual position indicatar

Current consumptian
Emission frequency

Baumer

Sensor (Distance)

Distance sensofslltrasonic measuring)
UNDK series

15-30Vvdc (24Vdc nom.)

200mm- 2000mm (scanning range Sd)
Rectangular body

Prewired with 2m cable terminated with ba
end flying leads

1 x analog output (A0Vdc / 160Vdc)
<0.5mm (resolution)

<lmm (repeatability)

P67

W30mm x H65mm x D31mm

polyester / diecast zinc (housing)

-10...+60 °C

Longrange ultrasonic distanceeasurement
sensorTeachin alignment aid with flashing
target indication

Shortcircuit protectiorreverse polarity
protection

yellow LED / red LED

35mA /0.035 A

200kHz
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Tracking

Number of Channeils

WAAS / EGNOS MSAS:
Accuracy

RTK:

Static

Fast Static
Communications

Optional Radio Type

Base Radio Output
Cellular Communications

Wireless Communications

A.7 Topcon GR5 Receiver

216 Universal ChannelsSignals Tracked G3 Technol
= GPS, GLONASS and GALILEO*

Yes

H: 10 mm + 1 ppm/V: 15 mm + 1 ppm
H: 3mm + 0.5ppm

V:5mm + 0.5ppm

Integrated UHF Transmit (TX) and Receive (RX), or
915MHz Spread Spectrum

0.01- 1.0 Watt, user selectable
Integrated GSM/GPRS or CDMA

Integrated Bluetooth® 2.0 compliant
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Data & Memory

Memory Internal

Data Update/Output Rate

Real Time Data Output Format
ASCII Output

Environmental

Enclosure

Operating Temperature

Dust and Water Protection

Shock Rating

Vibration Rating

Removable SD/SDHC Memory Card
1Hz to 100HZSelectable
TPS, RTCM SC104, CMR, CMR+

NMEA 0183 version 2.x and 3.0

Magnesium iBeam Housing
-40°C to +70°C** (40°F to 158°F)
International Protection Rating 66 (IP66)

2 meter pole drop to concrete, IEC 608689, IEC
600682-27

SAE J1211, Section 4.7, MIETD 202G, Method
214A
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Dimension

Power

Input/Output

Mounting

Environmental

A.8 Raven Viper 4+ Monitor

Height

Width:

Depth

Diagonal

Weight

Operating Voltage
USB:

Ethernet

Audio:

Video:

GPS
CAN:

Switch
Plate Arm
Hardware

Operating Conditions
Storage Conditions
Relative Humidity

U oo
LKA RR AL LA wj",

9.626 in.

12.015n.

1.786 in.

12.11in

4.7 lbs (approx.)

9to 16 V DC Nominal

2 (USB 2.0)

Category 5 Connectivity with Adapter Cable
3.5 mmStereo Minijack

Camera/Video Input PAL/NTSC Formats
Display Output’ DVI Port

TNC Antenna Port NMEA Messages

4 CAN Communication Ports (Raven
Proprietary CANbus, ISOBUS, J1939, Open
2 Digital Switch Inputs

RAM Mounting Plate and Socket Arm
Screws 1032 x | ®0amxd 31/ 8
Washerg Flat and Split Lock

32°to 158 F

-40°to 185 F

Non-condensing
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A.9 Capstan Solenoid Valve

Input Voltage: 12V

Power: 7w

Current: 0.58 A
Resistance: 21-23.5 q
Duty Cycle: 10-100%
Frequency: 3-31 Hz
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A.10 Raven Hawkeye Nozzle Control Valve

Dimension

Power

Input/Output

Environmental Conditions

Height:

Width:

Depth:

Weight:

Operating Voltage:

CAN:
Switched (In/Out):

Operating Conditions:

Storage Conditions:
Relative Humidity:

131

3.8in.

1.39in.

1.35in.

7.1 oz (approx.)

13.6 V DC nominal

(10 V dropout to 16 V spike
tolerant)

CANBUS 2.0 Compliant
3V

-22 to 140F

-40to 158 F

10 to 95% relative



A.11 John Deere ExactApply Solenoid Valve

No Available Data
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A.12 FT205EV Digital Wind Sensor

Wind speed
Range
Resolution
Accuracy

Wind direction

Range

Resolution

Accuracy

Compass accuracy
Acoustictemperature
Resolution

Accuracy

Under the following conditions:
Speed Range

Operating Range

Difference between air and sensor
temperature
Sensorperformance
Measurement principle

Units of measure

0-75m/s | 270km/h | 6145.8 knots
0.1m/s | 0.1km/h | 0.1knots
+0.3m/s (016m/s)

+2% (1640m/s)

+4% (4675m/s)

0 to 360°
10

4° RMS
5° RMS

0.1°C
+2°C

5m/s- 60m/s
-20°C to +60°C
<10°C

Acoustic Resonance
Meters per second, kilometers per hour
knots

133



Data update rate
Altitude

Temperature range

Humidity

Power requirements

Supply voltage
Supply current
Physical

Sensor height
Sensor diameter
I/O connector

I/O cable

Sensor weight
Sensor material
Mounting method

Digital Sensor
Interface

Format encoding

Up to 10Hz

0-4000m operating range

-20° to +70°C (operational40° to
+85°C (storage)

0-100%

6V to 30VDC operating range
30mA

55.1mm

56.4mm

Molex CLIK-Mate
Molex CLIK-Mate
100g

3D printed graphite and nylon composit:
SurfaceMount with compressed gasket
and 3x screw fit. An adaptor is provided

for polemounting (the pole is not
supplied)

RS422 (fultduplex). RS485 (halfluplex),

UART (full-duplex, 3V & 5V)
ASCII
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A.13 WatchDog Sprayer Station 3349SSH

Wind resolution
Speed:
Direction:

Wind Speed Range:

Wind Speed Accuracy:

Wind Direction Accuracy:

Wind Accuracy Temperature Range:

Operating Temperature:
Temperature Accuracy:

Relative Humidity Range:
Relative Humidity Accuracy:
Barometric Pressure Range:
Barometric Pressure Accuracy:
Power Supply Voltage:

0.1 mph (0.2 km/h)

10

0 to 90 mph (0 to 145 km/h)

<12 mph (19 km/h): £ 1.1 mph (1.7 km/}
+ 10%; >12 mph (18m/h): £ 2.3 mph
(3.7 km/h) or + 5%

4 to 11 mph (6 to 18 km/h): £5°; >12 mg
(19 km/h): £2°

32° to 131°F (0° to 55°C)

-13° to 131°F {25° to 55°C)

+1.8°F (£1°C) with wind above 4.6 mph
(7.4 km/h)

10 to 95%

+4% with wind above 4.6 mph (7.4 km/f
24 to 33 inHg (800 to 1100 hPa)

+ 0.029in-Hg (= 1 hPa)

9 to 40 VDC; Current: <70 mA
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A.14 Topcon B110 GNSSReceiver

Tracking

Channels:
Signals Tracked:

WAAS/EGNOS/MSAS
Accuracy

Standalone:
DGPS:
SBAS
Static:

RTK:

RTK Initialization:

RTK Initialization Reliability:

Velocity:
Time:

Acquisition Time

Hot/Warm/Cold Start:
Reacquisition:
Communication Interfaces
RS232:

LVTTL UART:

USB 2.0 (client):

CAN:

226 Universal Tracking Channels
GPS: L1, L2, L2C; GLONASS: L1, L2,
L2C; SBASQZSS: L1, L2C

Yes

H:1.2m;V:1.8m

H: 0.3 m; V:0.5m

H:0.8m;V:12m

H: 3 mm +0.5 ppm x baseline; V: 4 mm
1.0 ppm x baseline

H: 10 mm +0.5 ppm x baseline; V: 15 m
+ 1.0 ppm x baseline

<10 seconds

> 99%

0.02 m/seconds

30 nsec

<10 sec/< 35 sec < 60 sec
<1 sec

2x ports up to 460.Bbps

4x ports up to 460.8 kbps

1 x port up to 480 mbps (High Speed)
1x port (without transceivers), LVTTL,
NMEA2000 compliant
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I2C interface:

PPS:

EVENT:

Data and Memory

SD/MMC card support:

Data update/Output Rate:

Real time Data Output:

ASCII Output:

Geoid/Magnetic Variation:

Grid Coordinates Output:

Environmental

Power

Temperature:
Vibration:
Humidity:

Shock:
Acceleration:

Voltage/Power Consumption:

LNA Power:

Physical
Dimensions/ Weight:
Main Connector:
Antenna Inputs:

Antenna Connectors:=

Communicates with externgid enabled
devices

1x port with 5 ngesolution, < 30ns
precision, LVTTL, configurable polarity
and period

5 ns resolution, LVTTL, programmable
active edge

Physical interface, 20 Hz writing rate, ug
to 2GB capacity

1Hz7 100 Hz Selectable

TPS, RTCM SC104.2.x and 3.x, CMR,
CMR+

NMEA 0183 version 2.x and 3.0

Yes

Yes

Operating-40°C to 85°C; Storage:4(°C
to 85°C

49 Sine Vibe (SAEJ1211); 7.7g Randon
Vibe (MIL-STD 810F)

95%, noncondensing

30g (IEC 682-27)

2049

3.4VDC to 4.5 VDC/ 1.0 W typical
3.3 V(internal), 5.0 V (external) at000
mA

40 x55x 10 mm /<20 g

60 pin Molex

2 (to connect internal or external antenn
ESD protected

Hirose H.FL
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AppendixB-DatAaqui sSy st mci fi cati ons

B.1 CompactRIO (cRIO) Controller

Www.ni.com
Model: cRIO-9047
Processor
CPU: Intel Atom E3940
Number of cores: 4
CPU frequency: 1.6 GHz (base), 1.8 GHz (burst)
On-die L2 cache: 2 MB
Software
Supported operating system: NI Linux ReatTime (64bit)
Supported C Series module programmir ReatTime (NFDAQmMX)
modes: RealTime Scarn(l/O Variables)

LabVIEW FPGA

Application software

LabVIEW LabVIEW 2017or later,LabVIEW Real
Time Module2017or later,LabVIEW
FPGA Module2017or later,

C/C++ Development Tools fda¥l Linux Eclipse Edition 2014 or later

RealTime

Driver software NI CompactRIODevice
DriversDecember 201@r later

Network/Ethernet Port

Number of ports 2

Networkinterface 10BaseT, 100Baser X, and1000Baser
Ethernet

Compatibility. IEEE 802.3
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Communication rates

Maximum cabling distance
Network Timing and Synchronization
Protocol

Supported ethernet ports
Network synchronization accuracy
RS-232 Serial Port
Maximum baud rate

Data bits

Stop bits

Parity.

Flow control

RI wake maximum low level
RI wake minimum high level
RI overvoltage tolerance
RS-485 Serial Port
Maximum baud rate

Data bits

Stop bits

Parity

Flow control

Wire mode

Isolation voltage

Cable requirement

USB Ports
Port 1
Type
USB interface
Maximum data rate
Maximum current
Port 2
Type
USB interface
Maximum data rate
Maximum currertt
Alternate modes
Port 3
Type

USB interface
Maximum data rate
Maximum currertt

10 Mb/s,100 Mb/s,1000 Mb/sautc
negotiated
100 m/segment

IEEE802.1AS2011

IEEE 15882008 (default endo-end
profile)

Port O, port 1

<1 ¢s

115,200 b/s

56,7,8

1,2

Odd, evenmark, space

RTS/CTS, XON/XOFF, DTR/DSR
0.8V

2.4V

24V

230,400 b/s

56,7,8

1,2

Odd, even, mark, space

XON/XOFF

4-wire, 2wire, 2-wire auto

60 V DCcontinuousport to earth ground
Unshielded 30 mmaximum length
(limited by EMC/surge)

USB Type-A, host port
USB 2.0, HiSpeed
480 Mb/s

900 mA

USB TypeC, host port

USB 3.1Genl, SuperSpeed
5 Gb/s

900 mA

DisplayPort

USB TypeC, dual role port (device or
host)

USB 3.1Gen1, SuperSpeed

5 Gbl/s

900 mA
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DisplayPort over USB TypeC
Maximum resolution
Supported standard
Supported USB ports
Maximum resolution

SD Card Slot

SD card support

Supported interface speeds
Memory

Nonvolatile memory (SSD)
Nonvolatile memory{SSD) type
Volatile memory (DRAM)
Density

Type

Maximum theoretical data rate
Reconfigurable FPGA

FPGA type

Number of flipflops:

Number of 6input LUTS
Number ofDSP sliceg18 x

25 multipliers)

Available block RAM
Number of DMA channels
Number of logical interrupts
Internal Real-Time Clock
Accuracy

Controller PFI 0

Maximum input or output frequency

Cable length

Cable impedance

PFI O connector

Poweron state

I/O standard compatibility

I/O voltage protection
Maximum operating conditions
loL output low current

lon output high current

RealTime Streaming Performance

3840 x 216Gt 60 Hz
DisplayPort 1.2

Port 2

3840 x 216Gt 60 Hz

SD and SDHC standards
UHS | SDR50

4 GB
Planar SLC NAND

4 GB
DDR3L
12.8 GB/s

Xilinx Kintex-7 7K70T
82,000

41,000

240

4,860 kbits
16
32

200 ppm:40 ppmat 25 °C

1 MHz

3 m(10 ft)

50 q

SMB

High impedance
5VTTL

+30 V

8 mA maximum
-8 mMA maximum

Data throughput from system memory tc

target

SD card

USB TypeC:
RealTime (NI-DAQmx) Mode
Analog Input

Input FIFO size

40 MB/s
100 MB/s

253 samples per slot
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Maximum sampleate

Timing accuracy
Timing resolution
Number of channels supported

Number of hardwartimed tasks
Analog Output

Hardwaretimed tasks
Number of hardwaréimed
tasks

Number of channels supported
Onboard regeneration
Non-regeneration

Non-hardwaretimed tasks
Number of norhardware
timed tasks
Number of channels
supported

Maximum update rate

Timing accuracy

Timing resolution

Waveform onboard regeneration

FIFO:

Waveform streaming FIFO
GeneralPurpose Counters/Timers
Number of counters/timers
Resolution
Counter measurements

Position measurements

Output applications

Internal base clocks

External base clock frequency
Base clock accuracy

Output frequency

Inputs

Routing options for inputs

Determined by the C Series module or
modules

50 ppmof sample rate

12.5ns

Determined by the C Series module or
modules

8

16
Determined by the C Series module or
modules

Determined byhe C Series module or

modules

Determined by the C Series module or
modules

1.6 MS/s

50 ppmof sample rate

12.5ns

8,191sampleshared among channels

used

253 samples per slot

4
32 bits

Edge counting, pulse, sefperiod, period,
two-edge separatiopulse width

X1, X2, X4 quadrature encoding

with Channel Zreloading; twepulse
encoding

Pulse, pulse train with dynamic updates
frequency division, equivalent time
sampling

80 MHz,20 MHz, 13.1072 MHz12.8
MHz, 10 MHz,100 kHz

0 MHzto 20 MHz

50 ppm

0 MHzto 20 MHz

Gate, Source, HW_Arm, Aux, A, B, Z,
Up_Down

Any module PFIcontroller PFI, analog
trigger, many internal signals
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FIFO:

Frequency Generator
Number of channels
Base clocks

Divisors

Base clock accuracy
Output

Module PFI
Functionality

Timing output sources
Timing input frequency
Timing output frequency
Digital Triggers

Source

Polarity.

Analog input function
Analog output function

Counter/timer function

Power Requirements

DedicatedL27-sampleFIFO

1

20 MHz,10 MHz,100 kHz

1 to 16 (integers)

50 ppm

Any controller PFlor module PFI
terminal

Static digital input, static digital output,
timing input, and timing output

Many analog input, analog output,
counter, digital input, and digital output
timing signals

0 MHzto 20 MHz

0 MHzto 20 MHz

Any controller PFI or module PFI
terminal

Softwareselectable for most signals
Start TriggerReference TriggeRause
Trigger,Sample ClockSample Clock
Timebase

Start TriggerPause TriggeiSample
Clock, Sample Clock Timebase

Gate, Source, HW_Arm, Aux, A, B, Z,
Up_Down

Voltage input rangémeasured at theR1I0-9047power connector)

V1

V2:
Maximum power consumption
Typical standby power consumption
Recommended power supply
Power input connector

Physical Characteristics
Weight (unloaded)
Dimensions (unloaded)

Power connectawiring
Gauge

Wire strip length

9Vto30V

9Vto30V

60 W

3.4 Wat24 V DCinput

100 W,24 V DC

4-position,3.5mm pitch, pluggable screw
terminal with screw locksSauro
CTF04BV8ANOOOA

2,250 g(4 Ibs,15 o0z)
328.8 mmx 88.1 mmx 121.2 mm(12.94
in. x3.47 in.x 4.77 in.)

0.5 mm?to 2.1 mn?t (20 AWGto 14
AWG) copper conductor wire

6 mm(0.24 in.)of insulation stripped
from the end
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Temperature rating 85 °C

Torque for screw terminals 0.20N - mto0.25N - m(1.8 Ib -
in.to2.21b -in.)
Wires per screw terminal One wire per screw terminal
Connector securement
Securement type Screw flanges provided
Torque for screw flanges 0.20 N - mto 0.25 N - m(1.8 Ib -
in.to2.21b - in.)
Insulation rating 300 V, maximum

Environmental
TemperaturéTested in accordance witBEC 600682-1 and IEC 6006&-2)

Operating -40°Cto 70 °C
Storage -40 °Cto 85 °C
Ingress protectian IP20

Operating humiditfTested in accordanct 10% RH to 90% RH, noncondensing
with IEC 600682-30):

Storage humidityTested in accordance 5% RH to 95% RH, noncondensing
with IEC 600682-30):

Pollution Degree 2
Maximum altitude 5,000 m
Shock and Vibration
Operating vibration
Random (IEC 60068-64): 5 gms, 10 Hzto 500 Hz
Sinusoidal (IEG500682-6): 5,10 Hzto 500 Hz
Operating shock (IEC 6006827): 30 g,11 mshalf sine;50 g,3 mshalf

sine;18 shockst 6 orientations
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B.2 National Instruments 9221 CSeriesVoltagelInput Module

WwWw.ni.com

Input Characteristics

Number of channels 8

ADC resolution 12 bits
Type of ADC Successive approximation register (SAF
Maximum Sample Rate (Aggregate)
R Series Expansion Chassis 475 KkS/s
All Other Chassis 800 kS/s
Input range 60 V
Measurement voltagehannelto-COM (V)
Minimum +61.4
Typical +62.50
Maximum +63.8
Overvoltage protection, chanAetCOM  £100 V
Stability
Gain drift +34 ppm/°C
Offset drift N580 eV/AC
Input bandwidth 3 dB) 950 kHz min
Input impedance
Resistance 1 Mq
Capacitance 5 pF
Input noise, codeentered
RMS 0.7 LSBrms
Peakto-peak 5LSB
No missing codes 12 bits
DNL -0.9t0o 1.5LSB
INL +1.5LSB
Crosstalk, at 10 kHz -75 dB
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Settling time, to 1 LSB
MTBF

Power Requirements

Power consumption from chassis

Active mode
1 W maximum S

Thermal dissipation (at 70 °C)

Active mode

Sleep mode

Physical Characteristics
Screwterminal wiring
Gauge

Wire strip length

Temperature rating
Torque for screw terminals

Wires per screw terminal
Ferrules

Weight
NI 9221 with screw termina

1.25 ¢€s

1,092,512 hours at 25 °C; Bellcore Issut
2, Method 1Case 3, Limited Part Stress
Method

1 W maximum
1 mW maximum

1 W maximum
32 mW maximum

0.2 mm2 to 2.5 mm2 (26 AWG to 14
AWG) copper conductor wire

13 mm (0.51 in.) of insulation stripped
from the end

90 °C minimum

05N -mto0.6 N-m (4.4 |bin. t0 5.3
b -in.)

One wire per screw terminal; two wires
per screw terminal using avre ferrule
0.25 mm2 to 2.5 mm2

165 g (5.8 02)

145



B.3 National Instruments 9870 CSeriesSerial I nterface Module

Maximum baud rate

Maximum cable length

Maximum RS232 Receive signal (RXD,
CTS, DSR, DCD, RI) Continuous
Voltage

Data line ESD protectiothuman body
model)

MTBF:

Power Requirements
Power consumption from chassis
Active mode
Sleep mode
Thermal dissipation (at 70 °C)
Active mode
NI 9870 Sleep mode
Required external supply voltage range
(Vsup}
Power supply consumption from externe
supply Vsup
Typical
Maximunt
Physical Characteristics
Weight
Safety
RS232 Receive Signab-COM (RXD,
CTS, DSR, DCD, RY)

921.6 kbps
250 pF equivalent
8V

+15 kV
448,008 hours at 25 °C; Bellcore Issue |

Method 1, Case 3, Limited Part Stress
Method

0.5 W max
50 &¢W max
1.5 W max

0.5 W max
+8 to +28 VDC

0.5W
2W

Approx. 154 g (5.42)

+25 V max, Measurement Category |
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RS232 Transmit Signdab-COM (TX,
RTS, DTR)
Vsup-to-COM:
Isolation Voltages
Portto-earth ground
Withstand

Continuous
Shock and Vibration

+13.2 V max, Measurement Category |
+28 V max, Measurement Category |
1000 V , verified by a dielectric withstan

test,5s
60 VDC, Measurement Category |

Operating vibration, random (IEC 6006€ 5 grms, 10 to 500 Hz

2-64).
Operating shock (IEC 6006B27):.

Operating vibration, sinusoidal (IEC
600682-6):

Environmental

Operating temperature

Storage temperature

Ingress protectian

Operating humidity

Storage humidity

Maximum altitude

Pollution Degree (IEC 60664)

30 g, 11 ms half sine, 50 g, 3 ms half si
18 shocks at 6 orientations
59, 10 to 500 Hz

i40to 70 °C

1401to 85 °C

IP 30

10 to 90% RH, noncondensing
5 to 95% RH, noncondensing
2,000 m

2
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B.4 National Instruments 9853 2Port, High SpeedSerial I nterface Module

:
o B Tt
teasaring wndTestog Equ 4
:é:‘nﬂmlml&mw:,w"
\l’nl‘h'tthhﬁxixn c€
Hazardocs Locyioes. C!

WwWw.ni.com
High-Speed CAN Characteristics
Transceiver Philips TJIA1041
Max baud rate 1 Mbps
CAN_H, CAN_L bus lines voltage 127 to +40 VDC
Supply voltage range (VSUP)
CANO: N/A
CANL1: +8 to +25 VDC
MTBF: 1,816,913 hours at 25 °C; Bellcdssue 6,
Method 1, Case 3, Limited Part Stress
Method
Power Requirements
Power consumption from chassis
Active mode 625 mW max
Transmitting 400 mW max
Sleep mode 25 W max
Thermal dissipation (at 70 °C)
Active mode 1 W max
Sleep mode 250 mWmax
Physical Characteristics
Weight Approx. 144 g (5.0 0z)
Safety
Maximum Voltage
Portto-COM: 127 to +40 VDC max, Measurement
Category |

Isolation Voltages
Portto-port
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Continuous
Withstand

Portto-earth ground
Continuous

Withstand

Environmental
Operatingemperature

Storage temperature

Ingress protectian

Operating humidity

Storage humidity

Pollution Degree (IEC 60664)
Maximum altitude

Shock andVibration

Operating vibration, random (IEC 6006
2-64).

Operating shock (IEC 6006827):

Operating vibration, sinusoidal (IEC
600682-6):

60 VDC, Measurement Category | up to
5,000 m altitude

500 Vrms, verified by a 5 s dielectric
withstand test

60 VDC, Measurement Category | up to
5,000 m altitude

500 Vrms, verified by a 5 s dielectric
withstand test

i40to 70 °C

740to 85 °C

IP 40

10 to 90% RH, noncondensing
5 to 95% RH, noncondensing
2

5,000 m

5 grms, 10 to 500 Hz
30 g, 11 ms half sine, 50 g, 3 ms half sin

18 shocks at 6 orientations
59, 10 to 500 Hz
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B.5 National Instruments 9205 CSeriesVoltage I nput Module

RARAAAAARAAAARAARAAA

Analog Input Characteristics

Number of channels 16 differential/32 singleended
channels
ADC resolution 16 bits
DNL: No missing codeguaranteed
Conversion time (maximum sampling rate)
CompactRIO & CompactDAQchassic4 . 00 e©s (250 kS/
R Series Expansion chassis 4. 50 e€s (222 kS/
Input coupling DC
Nominal input ranges +10V,+5V,£1V, 0.2V
Minimum overrange, £10 V range 4%
Maximum working voltage for analog inputs Each channel must remain within
(signal + common mode) +10.4 V of COM
Input impedance (Ato-COM)
Powered on >10 Gq in paraldl
Powered off/overload 4.7 kg mini mum
Input bias current +100pA
Crosstalk, at 100 kHz
Adjacent channels -65 dB
Non-adjacent channels -70 dB
Analog bandwidth 370 kHz
Overvoltage protection
Al channel, 0 to 31 +30 V, one channel only
AISENSE +30 V
Settling time for multichannel measurements, accum@tyanges
+120 ppm of fullscale step,#8LSB 4 e€s convert int
+30 ppm of fultscale step, +2 LSB 8 €s convert int
Analog triggers
Number of triggers 1
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Resolution

Bandwidth,-3 dB:

Accuracy
Scaling coefficients

+10 V range

+5 V range

+1 V range

+0.2 V range
CMRR, DC to 60 Hz
Analog Input Absolute Accuracy
Residual gain error

+10 V range

5 Vrange

+1 V range

+0.2 V range
Gain tempco
Reference tempco
Residual offset error

+10 V range

+5 V range

+1 V range

+0.2 Vrange
Offset tempco

+10 V range

5 V range

+1 V range

+0.2 V range
INL error
Digital Characteristics
Number of channels

Overvoltage protectian
Digital logic levels
Input high, VIH
Minimum:
Maximunt
Input low, VIL
Minimum:
Maximumn

Output high,\bH, sour ci

Minimum:
Maximum

Output low, Vb, s i n ki

Minimum:
Maximunt
External digital triggers

ng

10 bits, 1in 1,024
370 kHz
+1% of full scale

115 ppm of reading
135 ppm of reading
155 ppm of reading
215 ppm of reading
11 ppm/°C

5

20 ppm of range
20 ppm of range
25 ppm of range
40 ppm of range

44 ppm of range/°C
47 ppm of range/°C
66 ppm of range/°C
162 ppm of range/°C
76 ppm of range

1 digitalinput channel, 1 digital
output channel
+30 V

20V
3.3V

oV
0.34V

ng

21V
3.3V

oV
04V
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Source
Delay.
Power Requirements
Power consumption from chassis
Active mode
Sleep mode
Thermal dissipatioffat 70 °C)
Active mode
Sleep mode
Physical Characteristics
Spring terminal wiring
Gauge

Wire strip length

Temperature rating
Wires per spring terminal

Ferrules
Connector securement
Securement type
Torque forscrew flanges
Weight
NI 9205 with DSUB
Safety Voltages
Maximum voltage
Channelto-COM:

NI 9205 with DSUB Isolation Voltages

Channelto-channel
Channelto-earth ground
Continuous
Withstand
up to 2,000 m

up to 5,000 m
Shock and Vibration
Operating vibration
Random (IEC 60062-64):.
Sinusoidal (IEG500682-6):
Operating shock (IEC 6006327):

Environmental
Operating temperature (IEC 60088L,
IEC600682-2):

PFIO
100 ns maximum

625 MW maximum
15 mw

625 mW maximum
15 mW

0.13 mm2to 1.5 mm2 (26 AWG to
16 AWG) copper conductor wire
10 mm (0.394 in.) of insulation
stripped from the end

90 °C, minimum

One wire per spring terminal; two
wires per spring terminal using a 2
wire ferrule

0.14 mm2 to 1.5 mm2

Screw flanges provided
0.2N-m(1.801b-in.)

148 g (5.3 02)

+30 VDC
None
60 VDC, Measurement Category |

1,000 V RMS, verified by a5 s
dielectric withstand test
500 V RMS

5 grms, 10 Hz to 500 Hz

59, 10 Hz to 500 Hz

30 g, 11 ms half sine; 50 g, 3 ms he
sine; 18 shocks at 6 orientations

-40 °Cto 70 °C
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Storage temperature (IE&D0682-1, IEC
600682-2):

Ingress protectian

Operating humidity (IEC 60068-78):.
Storage humidity (IEC 60063-78):
Pollution Degree

Maximum altitude
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-40 °Cto 85 °C

IP40

10% RH to 90% RH, noncondensin
5% RH to 95% RH, noncondensing
2

5,000 m



B.6 Dell Latitude 14 3470

www.flex.ee

Brand

Bluetooth

CPU.

Card Slots

Company Website
Display Size

Graphics Card

Hard Drive Size
Native Resolution
Ports (excluding USB)

RAM:
Size

Touchpad Size
USB Ports
Video Memory
Weight

Wi-Fi:

Wi-Fi Model

Dell

Bluetooth 4.0+LE

2.5-GHz Intel Core i76500 CPU

SD memory reader

dell.com

14

Nvidia GeForcé©20M

128GB SSD

1920x1080

Security lock slot, USB 2.0, USB 3.0,
Ethernet, VGA, HDMI, Headphone/Mic,
SD card slot

8GB

13.45 x 9.57 x 0.91/1.7 with extended
battery

4.1 x 2.5 inches

3

2048MB

4.4 pounds

802.11a/b/g/n

Dell Wireless 1802 802.11a|b|g|n adapt:
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B.7 Keysight U8030T riple -Output DC Power Supply

www.graingercom

Electrical Specifications
Total power output (W):
Voltage output (V)

L

Output Channel 1 & 2 (@ 0 to 40 °C).

Current output (A)

Output Channel 1 & 2 (@ 0 to 40 °C).

Number of outputs:

5V fixed output
Output Channel 3:

Line & load regulation (for variable output):

Ripple & noise :

Load transient response time :
Stability (outputdrift) :

Programming accuracy (23 °C £ 5 °C):
Meter readback accuracy (23 °C £ 5 °C):

Programming/meter resolution:
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01 375 W
Oto30V

Oto6 A

Three isolated outputs

i Two variable: CV and CC operation

T One fixed: CV operation only

i Voltage/Current output: 5V, 3A
TOut put accuracy:

T Vrms: <2 mVrms, or Vpp: <50 mVpp
Load and | ine regul
i Overload condition: 3 A + 20%ypical)
CV:<0.01% + 2 mV CC: <0.02% + 2 m#

C

cCVv: O1 mVrms, 0.5 r
10 mVpp, 5 mVpp (ty
<50 us

Voltage: < 0.02%

Current: < 0.1%

CV: O 0.25% + 15 m\
mA

CV: O 0.25% + 10 m\
mA

Voltage: 10 mV (4 digg) Current: 10 mA
(3 digits)



Maximum output float voltage:
Physical characteristics
Display:

Rotary knob for reading adjustment:

Size:

Dimensions (H x W x D):
Weight:

AC power input specifications
Input power option (selectable):

Maximum input power:

Fuse:

Environmental specifications
Operating temperature:
Storage temperature:
Humidity:

Altitude:
Fan acoustic noise:
Environment of use:

Connection specifications
Output connections:

Binding posts:

I/O connections:
AC input:

156

+240 Vdc

LCD with amber backlight
Yes

4U, half rack

179.0 x 212.3 x 379.0 mm
8.2kg

100 Vac + 10%, 47 to 63 Hz 115 Vac *
10%, 47 to 63 Hz 230 Vac + 10%, 47 to 6
Hz

600 VA

External, located at the rear panel

0to 40 °C

740 to 70 °C Humidity 15% RH (relative
15% RH (relative humidity) to 85% RH at
40 °C (noncondensing)

Up to 2000 m

60 dB sound power

T Installation category Il

i Pollution Degree 2

+Out, 1 Out, and chassis ground on the fro
panel.

Output binding post located horizontally
and side by side

N/A

3 pins standard IEC AC power connector
with fuse and line selection at the rear



AppendixC-Lab VI EW Progr am

C.1 The LabVIEW Program User I nterface

Pressure 10

Flow
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C.2 The LabVIEW Program, Block Diagram
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False =

.
Hthere is at least one CAN frame

dequeue all currently available CAN framd

and log the b

T

CAND Any 1D

lost?]

True |

‘wait for all loops
to exit before closing
the FPGA ref,

e TR
¥ there is at least one CAN frame avadable in the FIFO (6 U32 values),

True P

dequeve all currently avaiable CAN frames (mutiples of 6 U32 values),
and log the frame to the logfile. The False case is empty.
CAND Any 1D
oo [icentiier piisa)]
[matcy PGN] True )
match sovce
Matched
= %) o335

[ [ Minitaize

3
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i
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