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Abstract

Farm managerasehighly productive and mechanized agricultural sprayersfticiently cover
cropland These sprayenssemodern control systems including automatic section control (ASC)

“

capabilitiesto managetargetapplication rats. T h e s e pr eci stypialy'protidernmanyn ol ogi es
benefits to users but also halieitations. Therefore, this study was conducted to evalugpgayboom
dynamicgduringrate control systemresponseon agricultural sprayer# methodology was established
to evaluate boom flow dynamics fagricultural sprayers using rate control systesgsiipped withASC
technology Field tests with a John Deere 4930 (36.6 m spray width) havingbaaam capabilities and
an AGChem Rogator SS 1074 (30.4 m) with engazle control weregonductedto assessiozzle
uniformity and accuracy during field operation. Additionallsclhaben 18.&1 sprayer was dectedfor
conducting static tests. Individual boemind nozzlesection(s) were turned OFF and then backv@dién
usingflow and necompensation. Tests wemdso conducted by simulatiragsprayer moving OUT and
then back INTO point rows at different anglBarther, two different flow control configurations were
evaluatedinvolving 2way and metered dvay boomshut-off valves to study the impact of control
hardware on nozzle flow performance during ASC actuafiimally, theimpact of control components
response tuning on nozzle flow stabilization was studied using different flow regulating valves.

Nozzle offrate was beyond: 10% of the target rate for both rectangular and irregular fields.
Nozzle offrate occurred for a greater percentage (65%) of time in irregular shape fields primarily due to
frequent ground speed changes and ASC actuation. Overall, the control systemsesesulted in

greater underapplication(49%)than overapplication(17%)during fieldtests Satic tests involving ASC

actuation and ground speedhriationssupported field resultdNozzle pressure ancbrrespondinglow



deviatedbetween 4 and 18%om target rates when boonrsectior(s)were turnedOFF and back ON.
Nozzle flow was always high@t to 18%ynd exhibited long settling timgsip to 25 shs compared to

the overallsystem flow. The difference in pressure increase stassticallydifferent betweenauto-

boom and autenozzle control and also for compensation andaoonpensationControl system

response resulted in ovapplication(up to 11%Wwhen moving OUT and undapplication(up to-37%)
when moving back INTO point rowdozzleflow was leyond+5% the target ratedff-rate) for up to 19

s. The control systemvas able to maintain flow compensation duria@’ point row operationbut
uncontrolled transient respons®n 20 point row angle How control configuration impacted nozzle

flow settling time and offrate times for different point row angles, ground speeds and application rates.
No transient response during ASC actuation wlaserved formetered3-way boomshutoff valves

whereas the Avay boom valves exhibited undedamped(exiting pant row) and overdamped

(reentering point rowyesponse. The nozzle flow settled quicker witetered3-way boom valves

(within 4 s)as compared tdhe 2-way valveg(l to 28 stonfiguration, thereby impacting cffate times.

The regulating valve calibrati numberalsoimpacted nozzlélow settling times (responsepverall, the
total off-rate timesfor both the 2-way and metered 3vay boomshutoff valvesetups increased as

ground decreased and point row angle increasduls flow control configurationcontrol hardware
feedback and responsand control algorithmsre criticalfor expected management ofa@p inputs In
conclusions, the control hardware and algorithms used within controllers must be designed and tuned
to minimize offrate errors These mdifications are specifically critical as the controlaletion

decreaseslown toindividual nozzle contradn future agricultural sprayers.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND
Advances in farrmechanization have contributed to growth in agricultural production during

the 20" century. The current global population of seven billioprisiectedto increase another 40%
(U.N., 2011) by 2050 thereby increasing the demand for food, fiber, feed and energy. Refinements in
agricultural production techniques are helping producers to continuously improve management of soil,
water, nutrient, and pests tmcreasehe yield potential of crops. Pests can cause losses both in terms
of overall yield and quality. Among different farm operations, producers undertake a number-of pre
and postemergence spray applications for pest management. The accumulation atudity of pests
can also negatively impact yields in the subsequent seasons. Therefore, pest management is a key
ingredient to effective and economic production of crops on a sustainable bagiaédli and Ayers,
1999).

Application of crop inputsuchas chemicalshould have a minimal impact on natural resources
such as soil and water for sustainable agricultural production today and in the {MWEC&ED, 1987)
Therefore, agricultural sprayers used for pesticide and nutrient applications are neededuxately
apply on target areas at the rates prescribed on product labels. Application rates beyond the target can
result in overapplication Further, offtarget application caimpact environmentally sensitive areas
(Figurel.1) such as grassed waterways and buffer strips. @pefication results in direct product loss
which can be carried with ruaff from agricultural fields. Runoff containing pesticides fronmiadtural
fields causes naepoint source pollution whereas nutrients such as nitrogen and phospleamisause
eutrophication thereby negatively affecting water bodies by creating dead zones or hypoxia (CENR,

2010). On the contrary, undepplication doesot effectively manage pesand can cause chemical

1



resistance among pests. Chemical resistance due to ugolgiication may require producers to alter or
undertake additional management practices which could increase production costs. Additionally, fixed
orifice nozzles are commonly used during spray applications. Spray application beyond the target rates
can impact nozzle pressure, droplet sized spray distribution. Therefore, a conscious selection of the

appropriatespray technology has to be made ffficient pest management.

Grassed waterway

Buffer Strip

Figure 1.1. Example of a chemically impacted grassed waterway and buffer strip.

In the past, a basic agricultural spray control system consisted of a pump, pressure redigf valv
and manual control valve. While other components may be psgex$e were the primary means for
controlling the application rate. The premise was for the operator to manually set the system pressure
with the control valve based on the desired target rated expected operating ground speed. Once set,
the system pressure was not changed wllile operator attempted to maintain a constant ground
speed during application. Typical boom widths and ground speeds of these sprayers were 9 m and 9.7
km h*, respectively (Ayers etl., 1990) Any deviation from the desired ground speed would result in
application errorgi.e. over or under applicatiorsjince system pressure does not automaticatijust

Operators make frequent turns at headlaahd traverseother obstacles in the fielthakingit difficult
2



to maintain a constant ground speedonsequentlythe overall accuracy @ressurebasedapplication
systemamainlydepend orthe operator's ability to properly calibratthen maintainthe desiredground
Speed.

Over the years, the U.S. workforce employed in agriculture has decreased to 1.4% (USDA, ERS
2000) with more than 65% of the total farm land having operations sizé€d0Dlacres or more (USDA,
ERS, 2002). Sprayer operators have a challengingatastciently cover sufficient area per day to
timely apply inputavhile keepingarming economically viable currentglobal marketsTo keep pace

with producers requirements and to increase fiel
larger and operating speeds have increased. Presently;melbelled sprayers are the most common in
the U.S. Figurel.2) with nominal widths of 27.4 and 36.6 m being p@yullhe booms for these
sprayers are typically divided into 5, 7 or 9 basattions, which can beirned OFFor ON

independently allowing the operator to spray at different widths. These large sprayers are equipped
with electronic rate control systems thatgulate the overall system flow. These control systesesau
ground speed sensor; a flow meter for feedback to the contrpdiad a flow regulating valve, boom
shutoff valves and a micrprocessor based controller to handle the control aspect of sprayihe
control system automatically regulates product meteringnaintain the targetapplication rate.
Therefore, the rate controller has the ability to adjust the regulating valve until the system flow rate
matches the target rate regardless of the gnouspeedor width of spray Unlike simple pressuseased

sprayers, the operator does not have the responsibility of maintaining a constant ground speed since

flow is adjustecautomatically



Figure 1.2. An example of a commercially available 27.4 m wide, self-propelled agricultural sprayer.

To further improve sprayer productivity and efficiency, current control system hardware and software
have the capabilities to integrate a global positioning system \@®@8iver to provide accurate ground
speed, machine guidancand other control or mapping aspects. Machine guidance reduces gaps and
overl aps thereby decreasing oper at oradjacendpassesi ng er
Producers canlso use these systems to spatially monitor and manage parts of the fields with similar soil
and plant growth potentials with greater ease and improved productivity. In this case, producers can
implement variablerate application (VRA) of crop inputs in wihirates are varied when traversing a
field. However, even with these control systems, the operator has to manually turn individual boom
sections OFF or ON by differentiating between sprayed areas andsdilesspray. Whilgurning
boomsections ON ahOFF may be easily performed in rectangular figddecomes more complex in
non-rectangular fields, with the presence of grassed waterways and field obstacles, and curvilinear
machine travel within field boundaries. Therefore, these field conditiogsire a control system with
enhancedautomatic machine parameter control and higlagplicationresolution to reduce unwanted
spray application errors due to operator response.

Recently, modern rate control systems have incorporated automatic sectiomat¢ASC) technology
for use on agricultural sprayers. ASC technology is capable of indepenaethidyitomatically

controlling the ON and OFF of boear nozzlesections. This technology uses a GPS receiver to
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automatically turn boomor nozzle sectionsEF in areas which have bepreviously sprayed such as
headlands oin environmentally sensitive areas requiring-spray(e.g.grass wéerways buffer strips,
etc.) as shown ifrigurel.3. ASC turn on these sections independently. Operators using ASC can
decrease product oveapplication and reduce applied areas (Luck et al., 200ag.study has
suggested that producers can decrease eagplication by 12.4% (Lucka., 2010b) depending upon

the number of control sections and rgpray areas in the field. These benefits directly translate into

reduced chemical usage and theratgglucedenvironment risks. Pesticide costs in the U.S. have steadily

increased from $14illion in 1949 to $11.5 billion in 2009 (USDA, 20E®urel.4). Therefore, even

with a modest 8% reduction in chemical usage, ASC would result in roughly $921 million in savings for

the U.S. and more specifically $9 million for thate of Alabama. These flow control systems in

conjunction with crop sensing techmgjies such as GreenSeeRerCrop Circle and CropSpec are also

being used to sense and apply nitrogen basedarop status or stress. Research using crop sensors have

revealed that producers can achieve high nitrogen use efficiency by using optical-bassed nitrogen

management (Singh eil., 2011).

Spray zone

p
" Grassed
waterway
v p-
W
\\\/

Figure 1.3. Controller automatically switches boom-section(s) (indicated as circles) off (represented in red circles) on

grassed water-ways while keep sections on (represented by blue circles) for spray zone.
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Figure 1.4. Pesticide expenditure on U. S. farms from 1949 to 2009 (UDSA, ERS, 2010).

Rate control technol ogi es Y¥luvtlkee castrofpnstalinggd oper at
modern technologies can be substantial. Rate control systnrently cost from $5,000 to $48,000
depending on its capabilities and components sucbadrol hardware, GPS receiver and correction
service, guidance systemmnd boom height control to name a few. Additionally, past research on control
systems has highlighted that application rate errors can occur during field operations for agricultural
sprayers. These errors have been attributed to improper calibration, nezde, operator error, and
control system response time delays (Grisso etl@89; Hofman and Solseng, 2004; Anglund and Ayers,
2003).

Application errors couldhagnify when usingxisting flowcontrol systems including ASC technology
onthe larger sprayersused today Understanding the actual performance of these technologies is
required foradoption byproducersandalsoallow technology and agriculture manufacturers to design

sprayers to meet expected performance.



1.2 MOTIVATION
Spray applicatiorsia dynamic operation which requires sophisticated control systems that are

complex for both industry and users to understand. Modern control systemssangnew technologies

to reduce operators responsi bi ltiontofyspray contiolng spr ay
technology is outpacing the basic understanding of the actual performance and limitations. Often
operators trust the functionality of spray control technology by assuming it works as advertised.

However, the entire control system haswork precisely and respond in a timely fashion. During field
operation, control system response to dynamic flow rate change can influence quenfalimance

accuracy of the system. Therefore, system accuracy depends upon the resolution and response of
individual components in the feedback and control network. The response of components such as the
flow meter, flow regulating valve, boom shaff valves, GPS receivand controller processing capacity
dictates response of the control system. The prosessapacity and response time can be critical

especially as control becomes more complex and demanding to achieve greater resolution and accuracy.
Although control systems are being continuously redesigned to improve performance, these systems
may contine to have practical response delaysws, these spray control technologies need to be
evaluated and well understood to ensure proper operation and performance. These results will help
producers differentiate between perceived and actual benefits of tlehtemlogy. Operators can bring

value to their operation by understanding machine management factors impacting field performance of
sprayers. Therefore, evaluation of spray control system performance will highlight real benefits of these

technologies, increse management of crop inputs, enhance operator productivity, increase user

confidence and augment the goal of environmental stewardship.

1.3 HYPOTHESIS
Based on the above review and current knowledge on sprayers, the following hypotheses were

formulated forthis research:



1. Commercial rate controllers with automatic section control capabilities can provide
application accuracy during typical field operations.

2. Nozzle pressure across a sprayer boom remains stable for system flow transitions when
controlling boomsection(s) or combination of individual nozkeel actuations.

3. Rate controllers with automatic section control (ASC) technology can regulatémeal

spray dynamics during distinctive field operating situations, such as transitioning between

spray ancho-spray zones at acute angles.

4. Flow control hardware and tuningas animpact on sprayer performance.

1.4 RESEARCH OBJECTIVES

During field operation there are rapid changes in the boom dynamics and inconsistency in the flow

rate and/or pressure due to response lag timearther, a sprayer operator has difficulty in identifying

rate control response and potentiapplication erros from the cabln return, the operator is unable to

adjust machine and technology setup to minimize errdigerefore the overall goal of this research is

to evaluate control systemsnd nozzle response when implementida§@n agricultural sprayersthe

objectives of this research are to:

1.

Compare the performance of different commercially available spray control technologies under

field operation,

Quantifynozzlepressure variations across a sprayer bdomdifferent system flow state
transitions durig boom-sectior(s)andindividualnozzlelevel ONand OFFconditions

Determine nozzle flow dynamics when varying locatio®@ifand OFFcontrol within the boom
plumbing plus actuation timing, and

Evaluate the impact of different flow regulating valves #meir response tuning on nozzle flow

stability when actuating automatic section control technology.



1.5 DISSERTATION OUTLINE
This dissertation is presented in manuscript forrfaatthose chapters discussing the methodology

and results Chapter 1 provideanintroductory overviewjustifying this researckwhile presenting the
researchobjectives. Chapter oversareview ofliterature and information related to agricultural
sprayers and spray contrtdchnology Chapters 3 through present inmanuscriptformat a discussion
and response to théur objectivesoutlinedfor this research. Chapteré@®mpares nozzle accuracy and
uniformity using different commercial spray technologies during field and static. i€btspter 4
documents the preliminary tesguantifying pressure variations acroa®oom during auteboom and
auto-nozzle actuationChapter $lemonstratesoff-rate errorsduringpoint row operation whenusing
ASC technologyChapter &overs theeffect of flow control hardware on nozzle flow respongeen
using ASC technolodyinally Chapter 7 summarizes this research projdny presenting theverall
conclusions, future research suggestiamsl practical implications of the research findingsferences
andappendicesare included citing majdnardwarecomponents, instrumentatiomand software

specifications for all equipment utilized as well as example Lab¥tiedécreen shots.



CHAPTER 2
LITERATURE REVIEW

Spray application is an important aspect of effective and economic management for produciag crop
on a sustainable basi€rop yield and quality depends greatlythe correctamount ofapplied pesticide
across the fieldOzkan, 1987). Adverse effects of no chemical application can include up to a 20%
decrease in crop yields along with negative effeof pest accumulation in subsequent seasons (Hawkins
etal., 1977). Crops can require routine pesticide and nutrient applications, but the high degree of
inaccuraciesssociatedvith chemical application during field operations can impact the envirortmen
and generate unwarranted cost of inputurthermore, the timing of spray applicatioisritical for

most pesticide applications to ensure products are effective in ihe@éndedtreatment.

2.1 AGRICULTURAL SPRAYERS
A basic agricultural spray system cistsof a tank, pump, hoses and plumbing, manual control valve,

pressure relief valve, and manual boom shiftvalve Figure2.1). These spray systems are designed to
apply liquid formulations uniformly ovem area of interestNozzles are selected based the target
application rate and expected ground speéthe target pressure related to the target nozzle flow is set
using the manual control valv&he spray system is then calibrated to apply the predetermined tank
volume uniformly over the field. Calibrationatsoconducted to ensure thaiccurate ground speed is
provided to the operator so as thectual nozzle flow (L mify at the expected syste pressurematches
the target flow. Similarly during nozzle calibratidrthie volume collected from any of the nozzles
deviatesmore than 10%eompared to anew nozzle outputthose nozzles are replaced. Once calibrated,
the operator prepares a tank mof chemical in quantities as a function of size of the field
predetermined application rateand thechemical label. Finally, the operator applies chemical keeping
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the ground speedsconstantas possibléo achieve uniform application. Therefore, thetual
application rate matches the target rate only in those areas where vehicle speentained at the
desired speedThe overall accuracy of application depends highly on proper calibrptienthe

operators’ driving skerdtidn. and response during fiel

Pressure

Relief Valve ___+_

! Manual Boom
g P Control Shut-off
v Valve

[ Valve

Tank

S A C -

Figure 2.1. Basic agricultural spray system.

2.1.1 BASICCOMPONENTS GRGRICULTURAPRAYERS
To overcome application errors due to inevitable ground speed variations and other operator errors,

electronicspray control systemwere developed and mostlysednow to manage the target application

rate during ground speed variations. A typical spray control system or rate controller consists of a
ground speed sensor, flow meteggulatingcontrol valve, boom valves and microprocessor based
controller (Figure2.2). The control system commonly usgundspeed radaor now a global

positioning systenfGPSYeceiver toprovidespeedmeasurementsThe system utilizes an inline flow

meter to measure system flow rate providing feedback to e controller which in return adjusts the
regulating valve to achieve the target system fldwe target system flo isa function of ground speed,
width of spray, and application rate (L Haset in the controller by the operator. Furthexcontrol

system uses feedback from the system flow meter and sends control commands to the regulating valve

to adjust system flev with the calculated value.
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Figure 2.2. A typical microprocessor based rate control system.

The flow of product to the boom is shut ON and OFF using a boono#tuglve(Figure2.2). These
valves allow the operator to shut the sprayer ON and OFF when turning around on ends (e.g. headlands)
or areas previously sprayed or do not require product. Most agricultural sprayers have booms split into
whataretermed“ b osmc t i 0 n s 6rindepehdent ONTQ@FF &f these sections across the boom.
This setup permits the operator to manually turn a portion of the boom OFF versus the entire boom
using a switch box-{gure2.2) located in the operators station. Partial boom width can be required at
times during field operationThereforeturning sections OFF can reduce capplication of product. In
the U.S., 2vay boom shubff valves are popular on agritutal sprayers.

The 2wayboom valves simply an ON/OHRsoom valvewhicheither allowsproductflow (on-state) or
no-flow (off-state)  the boomsection When the 2vay boom valve ishut-off, the product volume
intended for that boomsection temporarif remainsin the system as the control system regulates flow
to the newtarget value A sprayer setupvith 2-wayboom shutoff valves usesflow feedback and
regulating valveo adjust system flow t@epresent the number of boom valves Qe new spray
width. This system flow regulation during ON and OFF action of boorro$hwailves, conserves target

application rate (L b3 and is termed as flow compensation. However, if the flow controller is not
12



present, the system flow is not regulated during boortsbff valve actuation and is termed as-no
compensationAlternatively a 3way boom valve can be used to shut product flow ON and(Eig&re
2.3). However, &3-way boom valve has one inlet and two outlets in comparison to one inlet and one
outlet for 22way valve. The one outlet ah 3-way valve is connected to the boesection whilethe
second outlet is attached tareturn line tothe tank. Although, the 3vay boom valve performs a similar
function of shutting the flow ON or OFF to the bogettion it manages the flow differently during
shutoff (Figure2.3). During boom valve shuff, the flow of that section is redirected back to tank
through the return line. Thyshe 3-way boomshutoff valvecan maintairset systempressureor
correspondirg flowirrespective of the valve being in the OFF or ON stdtavever 3-way boom valves
alsorequired acontroller,flow meterfeedback and regulating componentsrmintain thetargetrate

during ground speedhanges

2.1.2RATEGONTROISYSTEMS
Ratecontrol systens regulatesystem flow rate thereby they are termed ‘dtow based control

systems, whereas some of the control systems are
nozzle pressure. HowevelpW based systems are commonly used sinég éasier to manage system
flow versus pressure. However, proper tuning and setup of the speed sensor, flow meter, regulating
valve and boom valves within the control system is essential to accurately regulate system flow within
expected response times.

To setup a flow based system, the operator programs the flow meter and regulating valve calibration
numbers (VCN) in the controllas instructed by the manufacturer. Once the controller is programmed
the operator rarely alters the recommended VCNSs. The fieeter calibration number accurately
establishes system flow rate whereas the regulating valve VCN defines the expected response of the
control valve motor during system flow rate management. THéhiough 4" digit of regulating valve

VCN represents e backlash, speed, break point, and dead band digjits.first digit represents the
13



valve backlash digit, which controls the time of the first correction pulse after detecting a change in
correction direction of the valve and have a range from 1 (spolde) to 9 (long pulse). The second digit
controls the response time of the control valve motor with a range of 0 (fast response) to 9 (slow
response). The third digit is the valve brake point digit, or the point at which the control valve starts to
turn at a slower rate to avoid overshoot when adjusting to the target rate. The values of the break point
range from 0O to 9, where 0 corresponds to 5%, 1 to 10% and so on up to 9 for 90% of the target rate. The
fourth digit represents the dead band and sets glermissible difference between the target rate and

the actual application rate.

Flows to

Boom N
Section

Flows to
Tank

(a) (b)
Figure 2.3. lllustration of flow through a metered 3-way boom valve in the open (a) and closed (b) position (Teejet Catalog
51,2011).

An alternative approach towards spatially controlling the application rate is to adjust the applied
dosage by varying the volume of injected chemical to maintain application rate (Ayars¥90).
These systems are termed ditaénjection control systems as the chemicaliiectly injectingchemical
into the outgoingwater flow. Thedirect injecton systemhas a separate tank(s) for chemical(s),
metering system for precise chemical injection and feedback mechanism to maintain target chemical

injection rate. The system maintains the target injection rate by reguldtiegpeed of the chemical
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injection pumpbased on ground speethrget application rateand width of sprayerThe flow rate of

carrier (water) is usually kept constant. Since the flow of chemical injectgghigicantlylesswhen

compared to the carrier, the direct injection system produgdtie variation in nozzle pressusghen

adjusting thechemical rate. Additionally, since an injection control system does not require a premix of
chemical, the leftover chemical in the injection tank can be saved for future application. The principal
limitation of this system is the transport delay incurred between the point of chemical injection and
nozzle discharge. This transport delay refers to the time that system takes to establish the new target or
adjusted chemical rate at the nozzle. This transjgtty time can result in the sprayer traveling certain

distance resulting in application rate errors (Rockwell and Ayers, 1996).

2.1.3 AVAILABLISPRAYERS ANMESSOCIATHBRODUCTS
Boom widths for sprayerbavecontinued to increase in the U3gricultural spragrs from John

Deere, AGCO, Case New Holland (CNH), Hagie and others manufacturers have nominédithsooh
18.2, 27.4 an®6.6 m Although boom widthdor agricultural sprayersan be smaller or bigger, the 27.4
m and 36.6 m widtharecommon in the Us. The sprayer booms are typically designed for 5, 7 or 9
boomsections, though individual nozzle control can also be attairsholg recent technologyrhe
increasel application widtts coupled with varying field shapes and sizes, commonly found in the
southeastern USgan bedemandingon rate control systems thavequickresponse in order to maintain
application rate whileminimizingoff-rate errors. Current rate contrglackage can include sutinch

GPS receivers, ASC technology, datom height contrglvehicle guidancgtouch screen consoles,
remote data transfer fronthe controllertoap r od uc er ' s usimgmwipeless éechnodogiyith

all these technologies on board, an operator can now cover more acres and save peghudiess of

terrain, shape and size of the field.
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2.2 TeST PROTOCOLS RELATED TO AGRICULTURAL SPRAYERS
According to available test standards, the coefficient of variation (CV) is used to measure lateral spray

distribution uniformity across the spray boom, as outlined in the Irdéional Organization for
Standards (ISO) 56&2(1SO, 1997) est method for volume per hectare adjustment systems of
agricultural hydraulic pressure sprayensd American Society of Agricultural and Biological Engineers
(ASABE) standard S386ASABE, 200@alibrationand distribution pattern testing of agricultural aerial
application equipmentAccording to thse standards, nozzle uniformity (CV) is calculated using the

equation:

CV =2%100
X

Where s = standard deviatigh min')

X = mean volume ratéL min)

ISO 5683 (IS0, 1997) also outlines test methods for volume per hectare adjustment systems to
measure deviation of actual nozzle flow from the target (nozzle rate error). This standard is applicable to
systems that allow application of a paetermined constant volume of chemical spray mixture per
hectare independent of variation in driving speed.

Draft International Standard ISO/DIS 16322@S0, 2011) for horizontal boom and similar
sprayers, states tht nozzle uniformity (CV) across the boom should not exceed 10%, although the
sprayer industry tends to accept a limit of 7% (Teejet, 2011). If uniformity exceeds 7%, then it is
recommended taeplace worn tips omstall newones(Figure2.4). Thenozzle wear can be measure
usingan ASABE Standard S4ASABE, 2008)rocedure for measuring sprayer nozzle wear rateft
International Standard ISO/DIS 163221SO, @11)also includes requirements and methods of
verification for testing nozzle cffate with flow measuring, control and regulation systems plus provides

methods to test nozzle rate errors by turning bo@ctions ON one by on&he offrate can be
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measuredusing nozzle flow measurements or installing a standard calibrated flow meter on the circuit
of the sprayer. These tests measure the error between the expearteldactuakystem flow rateor

nozzleflow. The actual nozzle flow is measured by mplijing themeansingle nozzle flow (at the

operating pressure) with the number of nozzles which are ON. During these tests, the pressure variation
measured at the inlet of the boowsections, should not be more than%WAccording to the Guide for
CommercihApplicators (USEPA and USDA, 1975) and Rialtz(£997) the actual application rate

should be within 5% of the recommended label or target rate. Howetertytpical acceptedff-rate

error commony used within thesprayerindustry ist10%.The largemaccepted error by the sprayer

industry might suggest the difficulty in controlling target rates consistently witbtegpecially during

field operation.Overall, the sprayer can be satd calibratedusing the ASABE standard SRR3ABE,

2007) best mangement practices for boom sprayiagd ASABE Standard EP367.2 (ASABE, 2008) guide

for preparing field sprayer calibration procedures

£ XXX x3
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Figure 2.4. lllustration of nozzle flow with acceptable and unacceptable uniformity (Teejet, 2011).

L

Although these methods outline nozzle uniformity and nozzle rate error tests when turning
boomsections ON one by one, they do not present any guideline to measure these parameters during
dynamic, bom-section control (e.g. ASC technology). During typical field operations{seotions
turning ON and OFF along with ground speed variations can occur simultaneously. Therefore,
considerations for these common operating conditions with sprayers are atsteddo understand and

evaluate nozzle uniformitglong withrate errors.
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2.3 APPLICATION ACCURACY AND EFFICACY
Several studies have been performed to assess the performance of agricultural sprayers during field

operation. Past evaluations conducted on private anchmercial pesticide applicators indicated that
only 40% of the applicators were within 10% of the imted application rates (Rider and Dickey, 1982;
Nelson, 1986). Grisso et al. (1989) conducted a field survey of 103 private applicators in 12 central and
eastern counties of Nebraska and reported that only 30% were applying herbicide within 5% of the
intended target, 44% undeapplied and 26% ovepplied herbicides. The cost of ovapplication
amounted to $3.11/ha and at this rate with the loss estimated at $4.26 million for the state of Nebraska.
Gerling (1985) reported that out of 150 sprayers inspedigdhe DuPont Company on farms in North
America, about 60% applied less than the target application rate with only 33% applying within 10% of
the target. Sprayer application errors were reported to be typically due to worn nozzles, inaccurate
calibration,or inability to maintain the required flow rate during field application (Grisso et al. 1989;
Hofman and Solseng, 2004).

Sprayer operatorsising pressurdased systemsely onground speed feedback to matthe target
application rate. Therefore, durirgpray application if the operator deviates frahe target ground
speed, the actual application rates can be greater (speed less than target) or less (speed greater than
target) than the target rate. It was reported that more than 25% of liquid pestiicators during
field work operated beyond10% of the target ground speed established for the sprayer and its setup
(Grisso etl., 1988; Hofman and Hauck, 1983), resulting in application rate errors. Most importantly,
mechanical speedomete(selatingtransmission speed directly to ground speed) not take into
account wheel slip allowing the operator to unintentionally deviate from the target application rate.
Sprayer operators can also impact the application performance by deviating from theddpatie
leaving behind skipped areas or spraying the same area twice or even threelticaes bedifficult for

the operator to precisely keep track of areas which have been sprayed (e.g. headlands), areas that still
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require application and those whicloahot need sprayingAgricultural fields can also include grassed
waterways placed on highly erodible areas or vegetative filter strips to reduce transport of pesticides or
nutrients into streams or other environmentally sensitive area via ruttdfvever,in realityoperators

use field rows or other field structures to make a rough estimate of sprayer current location when
manuallyswitching the spray boom ON or OFF. Additionally, these structures are hard to distinguish

thereby operators are not able tccaurately shuo f f booms. The operato+ '’ s

sections OFF or ON can lead to application errors.

2.2 PERFORMANCE OF RATE CONTROLLERS
Ratecontrol systens canuse a variety of components for feedback and adjusting system flow.

GComponentsmay vary with application requirements but the overall sprayer application accuracy

depends on the performance of the rate control system.

2.2.1 CONTROISYSTENMACCURACY
Ground speed radar sensors were found to be accurate for ground speed measurements (Tetmpkin

al., 1988; Khalilian etl., 1989) in past studieThese speed sensors use ultrasonic waves with speed
estimated based on Doppler effedthese ground speed sensors reduced speed measurement errors
versus fifth wheel and front whedhereby aiding cotrol systems to accurately establish target system
flow rates. It should be noted that these studies were conducted prior to GPS receivers becoming the
primary input for ground speed. Ayers et al. (1990) investigated the performareBiokeyjohn
SC100@ressurebased sprayercontrol system and reported thatt was able to maintain an error of less
than 5% when ground speeds varied from 3.2 to 9.7 kilbre specifically,his pressuresontrol

system provided application rates ranging from 282 to 29&(80.1 to 31.9 gpa), which resulted in an
error ranging from1.1 to +4.6%ln another study, AGaadi and Ayers (1994) studied the performance

of a ground driven boom sprayer when operated with and without a Digidely CCS 100 pressdre
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based sprayer ontrol system. The sprayer was equipped with a data acquisition systemiféter

and ground speedadar. They concluded that the use of a spray controller reduced the application
errors from between18% and 5% down td% and 1%. Thus, sprayers for gpg chemicals at
constant and variable rates with both pressure based and injection sprayer technology were able to
provide accurate application rates within 2.25% of the target rate (Anglund and Ayers, 2003).

The dynamic response of presstyased contol systems during step change in application rate or
ground speed was another important factor defining the accuracy of these sydRmuokwell and Ayers
(1996) designed and constructed a variatdte, direct nozzle injection field sprayeFheyconcluded
that the meantime constant was 2.5with anaverage rise timef 3.8 s. The time constant of the
systemrepresentedthe time required to reach 62.3% of the step input while the rise tegealedthe
time neededto transitionfrom 10%to 90% ofthe step input. The reaction time includ®oth transport
lag and total response time.

Tompkins et al. (1990) measured chemical concentration at the nozzles to ascertain uniformity of
chemical concentration by changing the injection location between imately upstream of the pump,
immediately downstream of the pump and at the individual nozzle. They concluded that in all three
cases, as the injection point was moved downstream in the system, the transient time required to
produce uniform chemical concaation in the nozzle effluent was reduced. On the contrary, the
degree of mixing (chemical and carrier) decreased as the injection point was moved downstream of the
system pump resulting in variation in chemical concentration both among nozzles andnoger ti
Computer simulations were conducted by Way et al. (1992) to assess chemical injection application
accuracy on sprayers while accelerating at 1.6 Kra'tfrom rest to a constant speed. The comparisons

weremade among injection sprayers and convenébtankmix sprayers without sprayer controllers
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The resultdighlighted that the ratio of area receiving unacceptable chemical application rates to the
total area sprayed was smaller for the tamix sprayer than for any injection based sprayer.

Dynamicand steady state performance of a commercial chemical injection system, by changing
system pressure and simulated sprayer travel speed, was also studied by Sudaluiti@95). They
reported that little variation existed in nozzle output distribution (€¥0.5%) and chemical
concentration (CV < 7.0%) across the spray boom. Further, the delays in the injection controller and
injection pump was approximately 1 s and 4 s, respectively.

Research has also been conducted to spray weed concentrated areasaveesir spatial location.

Giles and Slaughter (1997) developed a grebased, precision applicator for foliar spray to rows of

small plants. The system consisted of a machine vision guidance system that positioned spray nozzles
directly above each rowfemall plants. The electrically actuated mechanical linkage rotated the flat fan
nozzles to effectively change the width of the spray pattern relative to direction of travel and width of
target plants. They concluded that the system reduced applicatitas fay 66% to 80% and increased
spray deposition efficiency on target plants by 2.5 to 3.7 times, as compared to conventional broadcast
spray. Also nottarget deposition on soil surfaces was reduced by 72% to 90%.

The accuracy od control system depension the accurate measurement of ground spesdong
other control componentsKees (2008) used a global positioning system (ee®yer computerized
controller and flow meter to manage system pressure by adjusting the speed of the pummgaritain a
constnt 187.1 L hidapplication rate. The results demonstrated theet travel speed varied from 3.2 to
9.7 km Hacontrol system utilizing GPS receiver for spe@put maintainedthe actual application rate
within 10% othe target rate Transient errorsn chemical application rate could also be impacted by the
accuracy of the ground speed sensing mechanisms (Vidrine et al., 1975). Tompkins et al., (1998a) and

Khallilian et al., (1989) evaluated different ground speeds and found that radar sensors welked
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firm soils but tended to provide erratic and inaccurate measurements in tall vegetation. The error in
sensing the accurate ground speed can result in deviation from the target application rate thereby

resulting application rate errors (nozzle -oéfte).

2.2.2H.OW CONTROL HARDWARRRFORMANCE
The field performance of a spray applicator largely rests on accurate response of the spray

control system when adjusting flow to maintain the target rad¢thoughthe pressure and injection
control system can help increase accuracy by automatically regulating system flow, the caxistiets
regarding thdag time inmanagingnozzlerate, chemical mixing andniformity of concentration at each
nozzle.The lag timen pressurebased systems was the difference between the time when the input
command for the change in nozzle pressure was sent to the control system and the time when the
desired nozzle pressure was finally attained. For injection control systems thieadiom errors have
been associated largely with transport lag (Zhu et al., 1998; Tompkins et al., 1990; Miller and Smith,
1992). The transport lag for the injection control systems were the difference between the times when
the change in chemical conceation was initiated to when it was finally achieved at the nozzle.
Rockwell and Ayers (199&ated that the transport lag is a function of the length of travel (Ilength of
hose) between the chemical injection point and the nozzle of interest but alsticgohelocity. Trey
found that thisdelay in achieving the target rate at tin@zzlecould haveoccured each time therevas
a change in ground speed or the desired rdReckwell and Ayers, 199@&)nglund and Ayers (2003)
investigated the performance ofgund sprayers for chemical application using both pressure and
injection control systems. The transport lag in a pressure based system was found to be approximately
2.0 s due to GPS signal latency and control valve response lag, while the injectioh symtem
generated transport lag times from 15 to 55 s.

Additional research has also focused on the chemical concentration uniformities and flow

characteristics along the booriiller and Smith (1992Zvaluated errors associated with the
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performance ofdirect injectionchemical applicators oanozzleby-nozzle basisThey foundhat the
magnitude and temporal occurrence of errortire application ratewasafunction of lateral location of
nozzleswhile the error associated with taakix sprayers waa function of ground speedSalyani
(1999) studied the application rate error due to differences in pressure or flow rate by measuring nozzle
pressure and flow on two air carrier orchard sprayers at six nozzle selections. He found that for all the
nozzles, losure of the nozzles on one side of the sprayer increased the operating pressure and thereby
flow rate on the other (open) side. Further, the pressure errors of thesided versus tweided
spraying was less than 20% for a centrifugal pump but exce2d@% for a diaphragm pump system.
They also concluded that volume rate errors at 470, 2350 and 4700 honainal rates were 1.0%, 3.5%
and 3.5% (centrifugal) and 6.0%, 7.5% and 47% (diaphragm), respectively.

Rate control hardware response in achievingy& application rate in a timely fashion is very critical
as any hardware latencies if exist, can result in chemical misapplication. Qiu et al. (1998) developed a
simulation model using SLAM Il to assess the performance of a direct injection sprayéorisesd
specific application of premergence herbicide in corn. The study was conducted to study the effect of
in-line mixing location, hose diameter, nozzle spacing and size, and ground@peedtrol system
performance. Results of the simulation wenput to GIS software to generate herbicide application
rate maps and the corresponding error rate maps. They recognized that application errors for direct
injection system were as high as 40% for mistreated areas of the field, with changes in chemical
concentration at the remote nozzles occurring after as much as 80 m of travel past the point of a step
change of the input command to the controller. They recommended moving tliegmmixing location
close to the boom and using smaller line sizes to redineevolume, without appreciably increasing

pressure drop.
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The use of GPS tteterminesprayer spatial location extended the response time of the control
systems during spray application. The reaction time was as high as 2.2 s for the control system in
response to the differential globabsitioningsystem (DGPS) recei@t-Gaadi and Ayers, 1999
another study on selective application of herbicide, it was reported that a resolution of 2.0 m was
achievable for a DGPS receiver based control systenthanthinimum time delay for the system was
4.3 s (Stafford and Miller, 1993).

The flow control systems were also used to modulate the application rate using solenoid valves. The
pulse width modulated (PWM) spray control system can vary application rate mhintaining a
constant spray pattern and droplet spectrum. Gopalapillai et al. (1999) evaluated a Synchro flow control
system consisting of PWM solenoid valves attached to each nozzle. The control system operated
solenoid valves at 10 Hz and duty cyad&$0% to 100% to control the flow rate. It was observed that
the control system could vary the nozzle flow rate at a ratio of up to 9.5:1 with significant change in the
spray pattern. They found that the volume mean diameter at a duty cycle of 10%gmécantly
different from the 25%, 50%, 75% and 100% and uniformity of spray deposition along the orthogonal

direction decreased dramatically as the duty cycle decreased and travel speed increased.

2.3 PRECISION AG TECHNOLOGIES
Control systems have become imegral part of new precision agriculture (PA) technologies. These

technologies use GPS receivers for machine guidance, thereby helping equipment operators to achieve
greater productivityby reducing overlap between adjacent pasdesaddition to guidare, GPS

receivers provide position and vehicle speed data for control decisionstimeatisplay of a farming
operation, and recording of valuable-applied datefor downloading froma controller The operator

can also upload field boundaries and desired application maps into controllers to perform uniform or

variablerate application (VRA) usirag appropriate flow control system.
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2.3.1VARIABLERATE TECHNOLOGY
Agricultural fields may not require uniform applicationmitrients due to spatial variability of soil

type, organic matter, yield and weed/pest. Therefore, application rate of chemicals are varied by
recognizing specific needs of distinct areas in taklfiising variable rate application (VRA) technologies
for both mapbased and sensdrased applications. For mdgased applications, VRA of pesticides and
nutrientsis performedby changing application rates as a function of vehicle spatial lochéisedon
GPS location and map prescription raidnese technologies manage the spray application on a much
finer resolution when compared to whole field basis (Fultoalet2001). Past research on the response
and accuracy of rate controllers conducted on Wee completedo minimize chemical handling by
the operator, select rate othe-go and reducexcesshemicalapplication A study by Carrara et al.
(2004) on VRA of herbicide concluded that even with significant variability of weed distribviRén,
resuted in almost even grain yield over the entire field and saved almost 29% of herbicides compared to
the conventional farming system. Many researchers indicated up to 60% saving in herbicide when
implementing magbased VRA (Haggaradt, 1983; Johnson etl.,1995). Yang (2001) conducted static
and dynamic performance of a VRA applicator for side dressing of two different liquid fertilizers. The
dynamic results indicated that VRA system stabilized at the desired rate within 1 to 2 s and the mean
applicationrate errors for two fertilizers were 2.5 and 5.2% in 1997 and 2.8 and 5.8% in 1998. Thus, VRA
of fertilizer has the potential to increase yield, reduce yield variability, and improve economic returns
(Yang et al., 2001).

Map-based VRA application nfitrients can bébased ora variety of criteria includingoil sampling
and yield monitor dataHowever, research and technological advances in the field of crop canopy
sensing have greatnhanced the ability to use crop sensing instrumefis. crop sensingyptical
sensors are being used fmeeasure irseason crogonditionsto better predictnutrient requirementsor

crop stressBothmap-based and reafime sensorbasedsystems can be used for spray application by
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utilizing inseason information gathered fno crop sensordviany researchers currentlysethe
normalized difference vegetative index (NDVI), which is basedred arnearinfrared (NIR)sensor
(Mullen et al., 2003; Raun et al., 2Q0&e the Greenseek&f and Crop Circlé'to decide nutrient
application rates; primarily nitrogeto-date. Cropsensingcan bepromising since iprovides amore
direct measure oplant nitrogen needssompared tosoil tests and yield monitor®iermachetret al.,
2009) Li et al. (2009) evaluated optical send@sed, irseason nitrogen management and reported
that crop-sensor based management strategies increased nitrogen use effi¢idbidup to 61.3% as
compared to 13.1% with conventional practices.

The response tira of realtime, sensoibased VRA is however critical in achieving target application
rates when using existing control systems. Bennur and Taylor (2010) evaluated the response time of
commercially available rate controller using@ase width modulated stem PWM) system with fixed
orifice nozzles and standard systenusing afast close (FC) valwégth variablerate orifice nozzles. The
authors indicated that the response time of PWahd FGapplicatorusingsimulatedground speedind
map based applicaih inputusing VRVaried between 0.5 and 2.1s. They further concluded that for
each applicator, configuration response time should be established to achieve optimum performance for

VRA when usingr@akime sensorbased system.

2.3.2 AUTOMATIC SECTION CBR TECHNOLOGY
Among the wide variety of rate control systems, some of them have automatic section control (ASC)

technologywhichautomaticallycontrolsshutting ON or OFF boom or nozzle control sectiéigufe

2.5). The control system with ASC technology uses bslomtoff valves or nozzle solenddn addition
to a GPS receiver, ghut ON or OFF selected boean nozzlesection(s). The controller automatically
shut-off boom- or nozzle section(sh previously sprayed areas such as headlands @apnay areas such

as grass waterways, thegansawe on input costswhile redudngoverlap areas.
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Figure 2.5. Overview of the typical components and setup for a sprayer equipped with automatic section control.

Therate controller with AS@an efficiently turn ON or OFF control sections as compared to the
operator making that decision. Howevénesesystem usindglow-based rate controllers additionally
monitors control section spatial location w.r.t to boundary map, managstrol sectionOFF and ON
state (Figure2.6), calculates spray swathwidth, and generate aapplied mapapart from nmanaging
system flow The system flow is managed through a closed loop control and feedback involving flow

meter, regulating valve and controller.
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Figure 2.6. lllustration of auto-nozzle control when a sprayer traverses a grassed waterway.
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2.3.3BENEFITS ORUTOMATICECTIONDONTROL
Under and overapplication of pesticide can be a problem when managing spray applisatioiler

application ofchemical may not be sufficient to effectively control pe#ioehne and Brumett, 1982
thereby possibly resulting in yield loss and development of chemical resistant amongFuestsr,
additional application if the first was not effectiveould add fud labor and chemical cost. Over
application of chemical on the other hawdly increasefput costsin addition to potential chances of
crop damage and environmental pollution by way of-affito water bodies (Grisso et al., 1989; Miller
and Smith 1992). Luck efal. (2010a) studied the potential of nutrient and pesticide saving using map
base ASC of spray nozzles.yliegorted that a reduction of 15.2% to 17.5% in area applied to each field
when using magbased ASC. The additional benefit was the atidn in frequency of loading inputs into
the sprayer as less material was wasted during spray application. In another study, aL¢R@10b)
reported that adding ASC for control sprayer baesattion significantly decreased the oagoplication
from 124% to 6.2%. The results highlighted that reduction in @application directly reflected the
savings to the producers. Ovapplication can be greatly reduced especially as thegray zones

(grassed waterways) increasby switching from manualontrolto ASC.

2.3.4ISSUES
Precisionagricultureapproache®on spray technology have assimilated numerous new control

strategies with the existing control systems but this integrasbould haveatimely response to

changing system rate requirements (Riet al., 1997)Though, control systems have greatly reduced
off-target chemical application, with increasing controls and feedback demands on the current systems,
the concerns regarding response time are critical. During a system flow rate controleramimtypes

of time lags exist: 1) control system response and lag time and 2) dynamic nozzle flow rate stabilization
due boom configuration. The first lag time represents time between a control system reading a control

command based on the GPS vehickat®mn, reading the system flow rate, sending appropriate control
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signal and achieving stable intended system flow rate. Second time lag occurs while the boom system is
readjusting from present state to the new introduced step change and emerging boormayga
Though studies have been conducted to quantify chemical concentration lag times associated with
injection control system and performance of ground driven sprayer using prebages control
system; research needs to be done on flow control systemipggd with ASC technology to quantify
system lag time and nozzle flow response during ASC actuation.

The response time of each hardware component of the control system can also have an impact on
accuracy and efficacy of the overall systéfogel et al(2005) evaluated a variablate sprayey
attaining automatic product shuff usinga fast-close ball valve. Tlyedetermined tlat rate changes
usually consisted of a smooth increase or decrease in herbicids, exteept a applicationrate spike
occurredwhile usinghe fastclose ball control valvén situations when the prescribed rate changed
from OFRo ON The fast ball control valy@oduced flowrate spikes that reached as high as 45ta
(from the actual application rate of 300 L/hbetweenthe currentand new target ratesThese rate
spikes highlighted that flow response during rate changes can impact nozzle flow during chemical
applications. Therefore, there is a need to undertake a systematic study to determine flow control

hardware responseharacteristics when using ASC technology.

2.4 SUMMARY
With increasing costs of chemicals, the demand for accurate and timely appéigation is higher

than ever Producers are managimgore acres and do not want to incur losses due to exerunder
application of crop inputsince profit margins ardeclining Producerdhave embrace@dvanced
sprayingtechnologyto better managehe application of crop inputdndustry respodedto the growing
demand for seHpropelled sprayers of increasing widbly recently developingan array of new controls,

touch screen consoleand reaidtime wireless data managemertiowever little research has been
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conducted to ascertain adequate setup, calibration and iefficyof spray applicators with modern flow
control techrologies Research is needed to understand control system response, hydraulic dynamics
within the boom plumbing and how components impact application accurdm®n using new
technologies The knowledge gained from this study will not only help to furtherove existing
technology but will build confidence in produckaslopting these technologies to better manage crop

inputs, increase profitsand reduce environmental impacbfchemical and nutrient applications.
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CHAPTER 3
APPLICATION UNIFORMITY AND ACCURACY OF TWO AUTOMATIC SECTION CONTROL SYSTEMS ON
AGRICULTURAL SPRAYERS

3.1 ABSTRACT
The adoption of automatic section control (ASC) on agricultural sprayers remains popular since it

reduces overlap and application in unwanted areas leathrigput savings and improved

environmental stewardship. Most spray controllers attempt to maintain the desired target rate during
ASC actuation (change in width) but limited knowledge exists regarding controller response and nozzle
discharge variation dumg field operation. Therefore, an investigation was conducted to evaluate the
impact of controller response on maintaining target application rates. Field experiments were
conducted using two common sgifopelled sprayers equipped with commercially dadalie control

systems with ASC capabilities (Sprayevith standard boorsection control and Spray& with nozzle
control). Pressure transducers were mounted across the spray booms to recotitmealozzle

pressure with data tagged with GPS locatiow ime. Nozzle pressures were used as a proxy to obtain
nozzle flow rates using manufacture pressflmv data. The resulting flow rates were used to compute
nozzle uniformity across the boom (CV);mafe errors and settling times. Results indicatedttnozzle

CVs were greater than 10% for both adtoom and autenozzle control systems, when each of the
auto-boom and autenozzle sections were turned back ON for 0.5 s and 0.2 s, respectively. Nozzles in
those sections turned OFF continued to sprayujptto 3.5 s for the autdboom and 0.2 s for the auto
nozzle sprayer. Nozzle atite errors exceeding £10% occurred in both rectangular and irregular shaped
fields. Sprayer acceleration with simultaneous ASC actuation contributed to-apgecation; wheeas

ASC actuation and deceleration resulted in eapplication regardless of ASC (nozzle or beattion)

technology. Ground speeds less than 16.1 km/h with ASC actuation resulted in unexpectedly high nozzle
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flow settling times (> 20 s) for the autmz2e sprayer during static tests. Extended settling times of the
control system contributes to nozzle atite thereby impacting overall application accuracy. Finally,
static tests can be used to draw realistic conclusions-téld sprayer performance threby reducing

field testing time.

3.2 INTRODUCTION
Boom widths for agricultural sprayers continue to increase in the US. Itis not uncommon to see

widths of 36.6 m being used today along with ground speeds nearing 30 km/h to cover cropland in a
timely fashio. This increase in application width coupled with varying field shapes and sizes, commonly
found in the southeastern US, demand stable and quick control response to minimiag¢eodirors

during field operation. Past surveys on U.S. farms, includirgetbbprivate herbicide applicators,

indicated that more than 50% of sprayers deviated beyond 10% of target application rate largely due to
worn nozzle tips, inaccurate calibration, or inability to maintain the required flow rate during field
application Gerling, 1985; Grisso et al. 1989; Hofman and Solseng, 2004). Spray rate controllers have
been implemented over the years on agricultural sprayers to appropriately manage application rates
during field operation. Initially, these controllers compensatedsiorayer acceleration and deceleration

to maintain a constant application rate thereby maintaining the desired target rate. A ground speed
sensor and a pressure transducer provided feedback to the control system which adjusted the opening
or closing of tle flow control valve. Pressure based spray control systems were able to maintain the
target rate within 5% during ground speed variations from 3.2 to 9.7 km/h (Ayers et al. 1990). Further,
these control systems typically have used a ground radar sensspéad determination (Tompkins et

al., 1988; Khalilian et. al., 1989) and reduced the application errors-t8% and 5% down td% and

1% when compared to ground driven systems@ahdi and Ayers, 1994).
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Today, most if not all spray controllers ongarselfpropelled sprayers manage system flow and not
necessarily the overall system pressure. These control systems attempt to maintain the target rate
regardless of width (sections or nozzles ON) and/or ground speed changes. However, the accuracy of
managing the application rate depends on controller responsiveness along with the resolution of the
flow meter to maintain the required flow rate at any point in time. The number of agricultural sprayers
equipped with ASC technology has increased over thegmral years. ASC technology turns
individual boomsection valves (autboom control) or nozzle solenoids (autozzle control) OFF when
traversing a nespray area or previously sprayed area, and back ON irspa@yed areas of fields. This
technology ha demonstrated considerable potential to reduce input application overlap (Batte and
Ehsani, 2006) resulting in savings on inputs. Luck et al. (2010a) indicated ASC reduced overlap down to
6.2% as compared to 12.4% when compared to manual control by t@imp. Additionally, the
coverage area for a field can be reduced between 15.2% and 17.5% when using ASC in irregular shaped
fields (Luck et al., 2010b). However, an additional concern exists about control systems incorporating
ASC technology for largeragyltural sprayers with regard to spray application accuracy during field
operating conditions.

Rate control systems have inherent time delays when rate adjustments are required during field
application. Previous research indicated 12.0 to 38.3 s datagstfor direct chemical injection when
changing concentration rates (Tomkins et al., 1990; Sudduth et al., 1995; Sui et al., 2003). It has also
been documented that a 27.4 m wide sprayer using direct injection traveling at 24.1 kph produced a 12 s
respong delay resulting in just over 2,200 m2 of misapplication (Tomkins et al., 1990). The control
system latency in responding to tladifferential global positioning systerDGP¥receiver while
maintaining a horizontal accuracy of 1 m can be up to 2.2&4adli and Ayers, 1999). Apart from the

control system and GPS response time delays, Rietz et. al., (1997) reported that some flow based control
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systems tend to over apply when only one bosettion was spraying. Grisso et al. (1989) along with
Miller and Snith (1992), reported that lateral location of nozzles along the boom can also impact the
magnitude and temporal occurrence of application rate errors.

Previous research has stated precision farming approaches should have control systems with timely
resporse to changing system rate requirements (Rietz et al., 1997). ASC evaluations during static testing
indicated that nozzle pressure variation can range from 6.7% to 20.0%, which equated to an increase of
3.7% to 10.6% in nozzle flow (Sharda et al., 204ditional ASC testing demonstrated nozzle pressure
stabilization times approached 25.2 s for alitoom and 15.6 s for autnozzle control when turning
sections OFF then back ON. Increased nozzle pressure and delayed pressure stabilization times have
indicated that application variability can occur when manually turning sections ON/OFF or implementing
ASC. It has been reported that nozzle pressure deviation f28&b to +29% can occur during point row
operation resulting in19.2% to +12.4% deviations inzate flow (Sharda et al., 2009). The disparity in
dynamic pressure response and-odte errors indicated that differences existed between besettion
and nozzle control. The delayed nozzle flow stabilization times during ASC also highlighted inadequate
feedback to the control system. Specifically, this occurred when sections turned OFF or ON faster than
the designed feedback and response time to accurately manage the desired target application rate.
While ASC provides benefits to those adopting the tedbgy, the static tests simulating real field
scenarios highlighted that continuous ON/OFF actuation of nozzles can cause pressure variations across
the boom (Sharda et al., 2010) leading to ewaerd underapplication. The extent of these errors can
escahte when spraying in irregularly shaped fields plus using larger sprayers.

Though attempts have been made to report flow control hardware time lags, research is needed to
understand nozzle flow uniformity and application rate stability when using pradeahnologies such

as ASC. Comparison of static and field test results can aid in predicting field performance of large
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agricultural sprayers and also in formulating experimental design which can accelerate the process of
guantifying nozzle uniformity anapplication rate stability. Therefore, the objectives of this
investigation were to: 1) evaluate retiine nozzle uniformity (CV) across the boom for two ASC systems,

and 2) quantify and compare nozzle flow settling times andat# errors during statiand field testing.

3.3 MATERIALS AND METHODS
Satic and field experiments were conducted using teammonselfpropelled sprayergFigure3.1)

referred to as Sprayet and Sprayei2 here forward The sprayers were equipped with commercially
availablerate controllers with ASC capabiliti€Sprayerl was equipped with autboom control (Figure
3.1a) while Spraye# (Figure3.1b) with auto-nozzle control. Sprayerwasa 36.2m wide, wetboom
sprayer with 95 nozzles spaced at@8 acrosshe boom. This sprayer was set up with selseom
sections withthe ON/OFFontrol provided by thesevenexisting boomrsectionvalves. There were 10
nozzles on boonrsections 1 and finenozzles orboom-sections 24and 6; and24 nozzles on boom
sections3 and 5(Figure3.2a). Sprayef2 also had a weboom setup applying 30:B1 wide. It hads0
nozzles spaced at &in. Auto-nozzle control wasbtained using solenoidalves(Capstan Ag Systems,
Inc., Topeka, Kansas, USA) mappédimthe controller such thathe sixouter nozzle®n each side
were controlled individually, the next six inner nozzles on either side coupled, and the remaining
controlled ingroupsof three (Figure3.2b). Both sprayers were also equipped wéthto-guidance

systems.
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(a) (b)

Figure 3.1. lllustration of Sprayer-1 (a) and Sprayer-2 (b) used during this investigation.
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Nozzle control sections having group Boom centerline Boom-sections
of 1,2 & 3 nozzles
7 T
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Figure 3.2. Layout of for Sprayer-1 containing seven individual boom-sections (a) and Sprayer-2 which included 30 nozzle

sections of either one, two or three nozzles. Sections are numbered from left to right for both booms with the nozzle

location along the boom numerically identified.

3.3.1HELDIESTS
Field eperiments were conducted with the target rate set at 93.5, 112.1 and 140.2fa/I&prayerl

and at 93.5 and 140.2 L/ha using Sprage®prayer2 was used to collect application data for three
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irregularly shaped fields consisting of numerousspoay ar@s; mostly grassed waterways. The field
experiments using Sprayérwere conducted on rectangular and triangular fieldgh frequency < 1 ms
response timepressure transducer@odel 1502 B81 EZ 100 PSI G, PCB Piezotronics Inc., Depgw, N.Y.
USAwithanaccur acy of wetemdubted atrass the sgay holon#sgure3.3) to record
nozzle pressurekighteen transducers were used for tBprayerl and 15 for Spraye2 (Figure3.2).
Transducers were mountedish thatat leasttwo were located within each section based on the

existing pbmbing(Figure3.2). For both sprayers, one pressure transducer was mounted on the main
supply line (location for the existing pressure transducewrjliog feedback to the controller), to

measure the overall system pressure. A data acquisition system consistilagia@fal Instruments

boards was used to read and record all data at a 5 Hz sampling frequency during field tests and at 50 Hz
during statictests. Position and ground speed data were collected simultaneously and provided by a
sub-meter GPS receiver (Ag132, Trimble Navigation Ltd., Sunnyvale, CA, USA) forSarayarGNSS

RTK receiver (R8verand R7 base with the Trimmark 3 radio trangerit Trimble Navigation Ltd.,

Sunnyvale, CA, USA) for SprayeAll datawere recorded to a text file for analyses.

Figure 3.3. Pressure transducer mounted at a nozzle.

Nozzle (TeejeAl11003 for Sprayet and Teejet TT11005 for SpraygrSprayig Systems Co.,

Wheaton, IL, USApressures were converted to flow using the manufactlaia (Teejet Catalog 50A,
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Spraying Systems Co., Wheaton, IL, USA). The actual application rate (L/min) was calculated by summing
and averaging the nozzle flow rate frahosesectionsremaining in the orstateat each GPS time
stamp.The oefficient of variation (CV) was calculateahsidering onlYDNsections which represents
nozzle flow uniformity across the boorhe target nozzle flow for each GPS time stamp was calculated
using the number o®Nsections(or nozzles) along with thground speed and target application rate
(setby the operator). Thelisplayconsole on Spraye also recorded a time stamp along with control
channel state (ON = 1 or OFF = 0) for each GPS coordirsasarupling frequency & Hz. Th files
containing the control channel state asgatial pressureatawere synchronizednd merged using the
GPS time stanmgwithin these filesThe control section status was used to calculate spray veidéach
GPS pointForSprayerl, the system pressure and mean nozzle pressure in each section was used to
determine the on/off state of a boom valve using MATLAB (version R2008andannozzle pressure

for ONsections was fountb be within £ 5% of the system pressuféderefore, for any boorsectionin

the onstate,a less than5% difference betweemeannozzle pessure andystem pressure would mark
that sectionbeing OFRt that time stamp.Similarly if the initial state of the boorsection was OFF,

then an average nozzle pressure of greater than 34.5 kRagime stampwould result inan onstate.
Finally the overall nozzle offate (rate error)was calculated as a percent diffe@from the target rate

using the following equation:

Overall nozzle offate (%) =(Actual nozzle flow rate—target nozzle flow rate)*100 (1)

(target nozzle flow rate)

Nozzle flow rate uniformity (CV) was evaluated by computing the mean and standard deviation of all
the ON nozzles or boom sections. During field and static testing, +10.0% rate errors wadeiEmh
acceptable for nozzle offite (Rietz et al., 1997[inally, offrate and CV maps were generated using
ESRI ' s 9.32to itubtiatp spatial results across fields and select example scenarios for further

investigation
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3.3.2 STATICIESTS
A 93.5 L/haargetrate andsimulated groundgpeeds of 16.1 and 24.1 km/h were selected for

evaluatingSprayer2. Since Spraydrwas unable to simulate different ground speesggstempressures
of 138, 276, 414 and 552 kPazatonstantl9.3 lph were selectedor conductingthe statictests
Experiments were conducted by; 1) turning individual sectiona@NDFHboth sprayers)2)
sequentially turning all sectior@FFand backONat 1s and 5s intervaldoth sprayers)and 3) varying
machine acceleration from 6.4rith to 29.0 km/h and deceleratioreturning to 6.4 km/h (Spraye2
only).During each test, selected sections were turned OMtH nozzle flow stabilizé, then the selected
sections were turnetback ONThe mean nozzle flow using only the ON nozzles wed to calculate
off-rate and nozzle flow settling time (ST).

Overall nozzle offate represented application rate stability during the various static and field tests
andtherefore provided the extent of overand underapplication.To understand the effemf sprayer
acceleration and ASC actuation, specific ASC actuation scenarios (i.e. headland armysoint
operation) were identified and analyzed. The term
spray zone whil e ‘' e méving ontgfa sprag Zomer I1isthesecexaimies, the gevea y e r
individual boomsections for Sprayet were illustrated as gray polygons, the initial passes around the
field boundary as green cro$mtched regions, and areas covered as each section was ONswithea
shaded regiondMATLABvasusedto computenozzle flow rate variables including: target rate, final
rate, offrate percentageand STSTrepresented thdaime difference betweera +5%(ST5pr £10%

(ST10) differential from the initimlozzle flonandwhenthe nozzle flow finally reached and stayed
within £5% or+10%ofthe final nozzle flow rateBoth+5% andt10%off-rate was used for determining
the ST since static tests were completeith the spray boom stable on level ground. Therefore, under
these controlled conditions, nozzle atite was evaluated using +5% threshold while the £10% was

included as the industryeferred criteria.
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3.4 RESULTS AND DISCUSSION
Field experiments usingprayerl (auto-boom)demonstrated that nozzl€Vsabove 10%and nozzle

flow rates beyond +10%-igure3.4) ofthe target rateoccurred occasionally but, were mostly clustered

at the field headlands. These errors were attributeddte controller adjustments to compensate for
sprayer acceleration and deceleration but at times speed chaggS.actuation of individual sections
was minimal for this field because of its rectangular shape, with nearly all sections turned ON or OFF,
simultaneously. The offate was well withint10%of the target rate since operating conditions were
stable (e.g. constant ground speed and all sections ON) for the majority of field application. However,
this example field highlights undesirable spray n@parformance resulting from control system lag

time. This outcome should be considered by the operator along with the design of the sprayer and

control system.
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Figure 3.4. Nozzle off-rate map during application at 93.5 L/ha in a rectangular field using Sprayer-1. Black arrows
represent direction of travel.
Spraye#2 results indicatedhat nozzle CVs were greater than.a% for 5.0% of the timg(Figure
3.5a) and oftrates beyond +1@% for &.0% of the time Figure3.5b) in irregular shapedields Nozzle
CVs and offate resultswere somewhat comparablé-igure3.5) even though theseiéldsvaried in area

and shape CVs exceeding 10% oaced when exiting and reentering spray zone and ASC actuation.
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Both situations affect lateral spray distribution resulting in aonform coverage. The nozzle CVs were
less than 10% during stable operating conditions which suggested the nozzle tipis weosl

condition. Nozzle flow rate were below-10%(under-applicatior) for 49% of the timetypically when
reentering spray zoneand were above +10%overapplication)for around17% of the timgFigure3.6).
These resultsuggesed that underapplication occurred moré&equently (greater percentage of time)
than overapplicationin these fieldsOver-application can typically result in unwantedpense,

potential crop damage and/ocarryoverwhereas;under-applicationcan lead taneffective pestcontrol,

all of which reduce net farm income.
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Figure 3.5. Distribution plots for nozzle CV (a) and off-rate error (b) for three fields using Sprayer-2.

ASC actuation occurred more than 63.2%, 65.5% and 77.9% of the time in fields 1, 2 and 4,
respectively [Figure3.7a). Ground speeds for fields 1, 2 and 4 were within 16 to 24 km/h range for
63.1%, 51.7% and, 41.7% of the time, respectiEbufe3.7b). The ground speed changed as the
operator maneuvered within field boundaries which included grassed waterways and obstructions
(electricity poles and sink holes). This led to sprayer acceleration and deceleration B€y&mad/'s’ for
26.6%.23.8% and 29.6% of the time in the field 1, 2 and 4, respectively. The ASC actuation (number of

nozzles ON) and speed distribution mabggre3.8) indicated that the system flow rate changed more
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frequently than expected during field application. Further, a tremendous demand was placed on the
rate controller to quickly manage system flow rate changes during ASC actuation and/or ground speed
changesin these cases, it took time for the control system to achieve the required system flow rate
(Figure3.8). Overall, nozzle offate occurred to some ¢ent for both Sprayetl and SprayeR with

operation outside preferred levels being problematic. Theseatt errors should be corrected to

maintain target rates at the nozzles and preserve the desired product efficacy.
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Figure 3.6. Nozzle off-rate map for Field 2 using Sprayer-2 with travel direction indicated by black arrows.
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Figure 3.7. Distribution plots for the number of nozzles on (a) and ground speed (b) for each of the three fields when

using Sprayer-2.
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Figure 3.8. Application maps for Field 2 illustrating: a) number of nozzles on and b) ground speed along with travel

direction (black arrows) for Sprayer-2.
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3.4.1 ERRORS FROMCCELERATI@NHELDIESTS
An example reentry scenario was selected from Field 2 (Locatiiguie3.8) to demonstrate control

system response and the potential extent of-cdfe application for Spraye2. During reentry at a 30
angle of incidene, systenflow increased fronb.6to 126.3Lpm as the sprayer accelerated from 8.0 to
26.9 km/h with nozzle sections 4 through 30 turning ON. The results indinatede CVs greater than
+10.0%and theoff-rate error wasup to -40% Figure3.6, Location 1). High C\&cross the boomvere
found to beassociated witmozzles or nozzlesections turnindpack ON andvere possibly due to system
noncompliancavhenthe plumbing (e.g. hoses and tubing) refilledsastionswere turned backON
Therefore, each time a control section changed from off to on states, the nozzle CVs exceeded +10% for
around 0.2 sec. This example demonstrates that Sprayeaveled albut 64 m before the controller
was able to achieve an appropriate system flow rate as nozzle sections were turned ON and the sprayer
was accelerating.

A similar scenario was investigated for Spray/ér

Figure3.9). Here, the sprayer accelerated from 5.7 kph to 20.7 kph while bsections 1 through 7
were sequentially turned ON as it reentered the spray zone aadgle of incidence. Results indied
that nozzle offrate error was up to +164.9% when sections 1 through 3 turned ON and-4f.6%6
when sections 4 through 7 turned ON. Nozzlerafé errors occurred for almost 60 m before stabilizing
within £10.0% of the intended rate. These restitis Sprayerl were comparable to those found with

Spraye+2 when accelerating and reentering the spray area.
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Figure 3.9. Example scenario of Sprayer-1 accelerating and ASC actuation as it reenters (sections turning ON) the spray

zone when applying at a target rate of 140.2 L/ha.

3.4.2 ERRORS FROMECELERATI@NHELDIESTS
The effect of deceleration on nozzle -ofite error wasobserved in several instances for both

sprayers. Location Figure3.6 & Figure3.8) depicts nozzle CVs and flow rate response for Spiayer
while decelerating accompanied by section turning OFF. The sprayer decelerated to maneuver around
an electricity pole at this location. Here, the requiredteysflow rate decreagd from 85.2to 11.7Lpm

as thesprayerslowed from 18.7 to 3.2 kpfirigure3.8b, Location 2) As the sprayer approached the

pole & Location2, almost all nozzle control sections we®dN until 11 control sections were turned OFF

as the sprayer maneuvered around the obstacle. This scenario demonstratedeoéfrrors up to

+120% for Spraye.

The scenario ifrigure3.10illustrates an example of Spray&rdecelerating from 24.3 to 7.4 kph
while exiting a spray zone. The-ofte map Figure3.10) demonstrated that deceleration seilted in
off-rate errorsup to +50% for Sprayet. $rayerl ’'dsceleration continuously demanded a neystem
flow rate during these dynamionditions and suggests potential feedback and response limitation
the rate controler. It was interesting to notdhat during these two scenaripaozzle CVaere within

7.0%as they sprayers deceleratethdicatinguniform deposition across the boam
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Figure 3.10. Example of Sprayer-1 decelerating while exiting (sections turned OFF) a spray zone into a previously applied

area when applying at a target rate of 93.5 L/ha.

3.4.3 ACCELERATION ANBCELERATIGMBTATICTESTRESULTS
Static tests for Spraye? revealed thaticceleratiors generated deviationsetween-7.8% and 7.4%

from the target application rat€Table3.1). Similar, but larger in magnitude, nozzle-@fe between-

7.5% and 37.2%ccurredwhile deceleratingAn interesting noteground speeds less than 1&ph

resulted in positive overall nozzle atite whilespeed greaterthan 16.1kphresulted in negative

values The overall nozzle flogettling times ST8uring acceleration and deceleration varied fré&n to
20.8sec Table3.1). The static tests highlighted that although the final nozzlerati® was withint10%
(except for the 9.7 to 6.4 kph test), the STs were unexpectedly long. The speed change tests were
conduded under controlled operating conditions but the ST5 and ST10 results indicated a delayed
response at the nozzle. All ST5 values were above 5.6 s which indicated that frequent acceleration and
deceleration can result in offite errors at the nozzlerhe STsand nozzle offate errorswere

expected based on thanaps(Figure3.6 and Figure3.8b) generated for Sprayet during acceleration

and deceleration. Nozzle flow STs also decreased during acceleration and increased during deceleration

which was expected and observed in the field results.
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Table 3.1. Mean nozzle off-rate and flow settling times (ST) during simulated static acceleration and deceleration tests.

Acceleration Deceleration
Off-Rate

Speed change Off-Rate ST5 ST10 Speed change Error ST5 ST10

(kph) Error (%) (s) (s) (kph) (%) (s) (s)

6.49.7 7.4 20.5 12.8 29-25.7 -6.4 5.6 *
9.7-12.9 6.5 19.0 11.7 25.7-22.5 -4.7 7.3 1.6
12.916.1 0.9 10.2 2.9 22.519.3 -7.5 7.0 1.5
16.1-19.3 -2.0 7.0 0.9 19.316.1 5.1 8.2 2.7
19.322.5 -3.5 7.5 1.3 16.1-:12.9 4.7 20.8 15.3

22.525.7 -5.8 6.2 0.1 12.99.7 9.9 204 #
25.7-29.0 -7.8 6.0 * 9.7-6.4 37.2 20.0 14.8

ST5 = Nozzle flow rate settling time considering +5% of inteadddinalrate.

ST10 = Nozzle flow rate settling time considering £10% of inteadédinalrate.

*= The initial and final flow rate within +10% of initial and final nozzle flow rates
#=The final flow rate did not settle within +10% of final intended rate

The steadystate nozzle flow oscillated around the target rate below 16.1 (gdh7 L/min).This flow
oscillation or instability could be due to fact that the control system attempted to quickly compensate,
but was continuously oveshooting the intended set point. This ovesmpensation contributed to
unexpectedly longer STS anifi-ate errors which reached +37.2%. Similarrate errors were
observed during sprayer deceleration at Locatirit is important to note that acceleratidnom 6.4 to
9.7kphrequireda50% increase in nozzle flow whereespeed change from 2516 29.0kphrequired
only al2.5% increasddence, the control system response (Table 1) may be impacted by the required

magnitude of flow adjustment, control system configuration, and sprayer acceleration or deceleration

3.4.4ERRORS FROMSCACTUATION HELDTES'S
Scenarios for Spraydr (Figure3.11) and SprayeR (Location 3Figure3.6) were selected to illustrate

the effect of ASC actuation on atite error. For these scenarios, the sprayers traversedpray zones
(grassed waterways) where sections were sequentiallygdrOFF then ON at a ground speed of 24 kph.
The nozzle offate wasupto -65% for Sprayet and-68%for Sprayet2 during ASC actuation in these
areas. Nozzle CVs were greater than 10% for a short duration (0.2 to 0.4 s) when reentering the spray

area.In general, the maps depicted thASC actuation resulted in monegative offrate or under
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applicationduring these scenario¥Jnderapplication can result from feedback or control system

response delays for e.g. the resolution and shorter response tinlew meter can give accurate and

quick feedback to the controller to implement rate management strategies. Further the approaches

used to manage response of control hardware can significantly impact application accuracy. The control
system can appropriaty look ahead and might include robust algorithms to access the magnitude of

rate change required. This assessment can be used to select a dynamic response algorithm to reduce the
delay in pressuring the hoses, minimize application rate errors and qaickigve stable conditions.

Finally flow control point (e.g. boowalve) can be moved as close to the boesettion as possible to

lower transient offrate errors.
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Figure 3.11. Example scenario in which Sprayer-1 was entering and then exiting a no-spray zone (sections turned OFF and

ON) while operating at 24 kph. A target rate of 140.2 L/ha was set in the controller and the nonexistence of off-rate symbols

represents all sections in the off-state.

3.4.5 ASCACTUATION STATICTESTRESULTS
During static testingpozzle offrate errorsduring AS@ctuationwere up t0-31.8% forSprayes2

(Figure3.12). Nozzle flow analyses for Spray®zshowed that the control system responded quickly
during required rate changes but the actual nozzle flow was less than the targetidntly, the control
system on Spraye2 wasunable toachievethe targetnozzle flow during AS&ttuation Figure3.12
illustrates that the Spraye? control system had a slow response when increasing the pump speed to

meet thetarget system flow rate. Slow system response was obsemexh 2, 3 or 4 boonrsections
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were simultaneousiyturned OFFThe overall offate error and ST for nozzles remainin@N,was up to-
23.1%and54.6 srespectively(Table3.2). It was interesting to note that nozzidéf-rate was only 0.7%
when four boomsections were turned OFBut this was achieved after 54.6 §rmzzle flow rate
instability. Therefore, undemapplication would have occurred until all the sections were turned ON and
the system stabilized around the target rate which requigeglto 5.1 sThese static results

corresponded with the observed respanander field conditions at example Locations 1 and 3.
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Figure 3.12. Overall mean nozzle flow rate and off-rate error for Sprayer-2 when turning boom-section valves sequentially

OFF and ON at 5-second intervals. The sprayer was set to spray at 93.5 L/ha application rate and 16.1 kph forward speed.

Table 3.2. Mean nozzle off-rate and settling time (ST) when turning boom-sections OFF and then back ON at 24.1 kph

forward speed and 140.2 L/ha application rate for Sprayer-2.

----------- Sections OFF ----------- ----- All sections back ON ---

Booms OFF Off-Rate Error (%) ST5 (s) Off-Rate Error (%) ST5 (s)
1&2 -11.7 0.6 0.6 0.3
1,2&3 -23.1 17.5 1.2 2.3
1,2,3&4 0.7 54.6 1.2 51
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Similar experiments at four target pressures using Sprayedicated the control system was able to

maintain the nozzle flow rate within £10.0% of the target when turning all boom sections OFF and ON

(Figure3.13). Theaveragenozzle offrate was +3.8% during this test; howewveomentary drop

occurredwhen sections were turned ON. These spikes likely resulted from pressure and flow buildup in

the system plumbing which was necessary to achieve the target rate and transpired quickly. Similar

nozzle flow response and affite was observed for 138.0, 276@60d 552.0 kPa. The static ASC actuation

tests for Sprayefl and Spraye® indicated that there were distinct differences in control system

response and nozzle flow rate management between the two sprayers.
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Figure 3.13. Overall mean nozzle flow and off-rate error for Sprayer-1 when turning boom-sections sequentially OFF and

ON at 5-second intervals. For this static test, the target pressure was set at 414 kPa and ground speed at 19.3 kph equivalent

3.5 SUMMARY

Off-rate errorsduring field experimentsereatt r i but ed t o t

to a 109.2 L/ha target rate or 128.6 Lpm system flow.

he

¢ o0 n intairo |

the targetapplication ate during ASGactuationandgroundspeed variationsResults indicatethat
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sprayer deceleration coupled with A&Quation (sections OFEpntributed to overapplication, while
ASQGactuation(sections ONand sprayer acceleration resulted in unelgplication.Sprayer2 static
experimentsreinforced field test results which fowl that underapplication may occur more often than
over-application fromASGactuationand ground speed changeStatictest resultsfor Sprayes2
demonstrated that overpplication was associated with lowgroundspeeds €16.1 kphwherenozzle
flow stabilizatiorrequired15.0 to 20.0 $n some case<Conversely, undeapplication was more likely to
occur at ground speeds exceeding 16.1 kfing withASCGactuationfor Sprayer2. Theseresults
suggestd adifferent control algorithmmay berequired to better maintain the targetarzle flow during
ASQactuationand sprayer acceleratioenddeceleration.The control algorithm may be designed to look
ahead at the final target rate and automatically select dynamic control algorithms basedayrisp
acceleration, deceleration or ASC actuation or magnitude of required rate change. Static testing for
Sprayerl indicated that the control system was able to maintain the target daieng ASC actuation. In
general, static experiments suggested tlantrol system response was fast and accurate for Sprayer
However, overall results suggested that nozzlerat errors can occur no matter the type of control
technology implemented.

As the number of control sections increase (e.g. awdazle for Smayer2), the control resolution
(width of control) gets smaller thereby requiring a quicker control system response during ASC actuation
and ground speed changes. While increasing the numbeomtfol sectioncan improve application
accuracy the demanfibr improved control system response time is amplified. The inability of the
control system to quickly respond during ASC therefore can result-natefierrors.Sprayer ield
performance carthereforevary depending upon the feedback response mechamisiactedplus

algorithms used byate control systemsThe results of this study suggest that a tradeoff exists between
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control resolution and current controller response capabilities. Operators seeking to minimize the
impact of nozzle pressure or flownations should be aware of this tradeoff.

Minimizing system flow adjustments required for ASC actuation or ground speed changes can help
address some of the issues reported in this study. Operator skill and behavior contribute to sprayer
acceleration, deeleration and ASC actuation required during field operations. Field shape and size may
affect how an operator chooses to traverse a field while spraying. Therefore, operators should be
educated to understand current sprayer control technology to helipagite system efficiency.

Finally, he similarity betweenstatic and field tests suggestthat static tests can provida
reasonable understanding sprayerperformance during field operatiowWhile control systems have
reduced overall misapplication, aton should be exercised when increasing control system demands.
In the end, overall product efficacy must be preserved. Comparative field tests on sprayers with
different control systems should be conducted to better understand potential applicatiansio

improve system design and setup.

3.6 CONCLUSION

The following conclusiongere drawn from this study:
A Nozzle CVs were greater than 10%éshort duration when each of thaeuto-boom (0.5 s) and

auto-nozzle (0.2 syectionswere turned ONwhile CVsvere normally below 10% during stable
operating conditionsThe difference in CV likely resulted from system compliance between the
nozzle tip and flow control point, which was greater for the abtmm system compared to
auto-nozzle control.

A While CVs we calculated using only the ON sections, it was observed that nozZd<Hn
sectionscontinued to spray for up to 3.5 s for adbmom and 0. for auto-nozzle control

systems
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A Nozzle offrate errors were greater thar10% for rectangular fields whenitmng and reentering
spray zones ahe headland Of-rate errors occurred when operating at angled approaches and
departures tono-spray zonegi.e. grassed waterwaymnd other obstacleswithin irregular
shapedfields. Field results indicated that nozzle oféfte error was associated with ASC actuation
along with acceleration and deceleration of the sprayer. ASC actuatiotnibuted more to
under-application whereas acceleration and deceleration contributed to bothewrahd over
application.

A For the auto-nozzlecontrol system, groungpeeds less than 16kphand ASC actuation resulted
in unexpectedly higimozzle flow settling time§>20 9 during static testsThese results indicated
that long settling timegancontribute to nozzle offrate thereby impacting overall application
accuracy.

A Static tess provided similar results to field testing. Therefore, static tests can provide realistic

understanding of iffield sprayer performance, reducing field testing time.
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CHAPTER 4
ReAL-TIME PRESSURE AND FLOwW DYNAMICS DUE TO BOOM-SECTION AND INDIVIDUAL NOZzLE
CONTROL ON AGRICULTURAL SPRAYERS

4.1 ABSTRACT

Most modernspray controlleravhen coupled witha differential global positioning syste(fDGPS)
receive canprovide automaticsection orswath (boomsection or nozzle) control capabilitiadich
minimize overlap and application imdesirableareas. This technology can improve application
accuracyof pesticides and fertilizershereby reducinghe overall amant of applied inputsvhile
enhandng environmental stewardshigdowever the system responsen sprayer boom dynamidsom
turning boom sections manualfyN andOFFor usingASQechnology has not been investigated.
Therefore, a study was conducted tow#dopa methodologyand subsequentlyperform experimentsto
evaluat tip pressureand systemflow variations on a typical agricultural sprayer equipped vaith
controllerthat provided both boom-sectionand nozzlesectioncontrol. To quantifyflow dynamics
duringboom- or nozzlesectioncontrol, atesting protocol wagstablished that include@ simulation
patternsunder bothflow compensation and neompensation modg achieved througkhe spray
controller. Overall gstem flow rate andhozzletip pressue, at 10 locations along the booywere
recordedandanalyzed to quantify pressure and flow variations. Results indicatedhbadést
methodologygenerated sufficient data to analyze nozzle tip pressure and system flow rate ch@hges.
tip pressurefor the compensatedsection controkests varied between 6.%and 20.0%which equated
to an increase of 3%to 10.6% in tip flow rateThe pessure stabilization time when turnitmpom- and
nozzlesections OFRvas 25.2but approachedl5.6 swhen turning thesesection back Offbr the flow
compensatingests. Though it took extended periods for the tip pressure to stabilizesgatem flow

rate typicallystabilized in less thansecondsThetip flow rate wasconsistently highefup to 10.6%)
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thanthe targetflow rate indicatinghe system flow did not truly represent tip flow during section
control. Theno-compensatiortests exhibitedtip pressure increasaup to 35.7%luring boom and
nozzlecontrol whichequatedto an18.2% increase in tip flowherefore flow compensatiorhad better
control o tip flow rate as compared teesults for theno-compensatiortests. A consistentlifference
existedin dynamic pressure response between baesattion and nozzileectioncontrol. Increased tip
pressure and delayed @ssure stabilization timesdicated that applicatiowariability can occur when
manually turning sections ON and OFF or implemerAigGechnology but further testing is needed to

better understand the effect on application accuramyagricultural spragrs.

4.2 INTRODUCTION
Pesticide and nutrient transport via runoff or leaching from agricultural land to surrounding surface

and ground water bodies poses a potential environmental and public health concern. In 2006, US
farmers spent $8.8 billion on pesticidgpplication (ERBSDA, 2008). With the environment becoming
an increasingly sensitive issu-farm pesticide andhutrient application needs to be performed
accurately to ensure only the amount prescribed is applsbére needed However, overand under
application can commonly occur when applythgsecrop inputs Further, calibration and proper
maintenance can impact the performance of sprayessisso et al. (1989) conducted a field survey of
103 private herbicide applicators in Nebrasi@a reportedthat only 30%were applying herbicide
within 5% of the intended application rate. Based on these results, they estimated an additichaf
$3.11/ha due to overpplication ofherbicidesequating to a&4.26 millionloss for the state oNebraska.
Spragr goplication errorsaaretypically due toworn nozzle tig, inaccurate calibration or inability to
maintain required flow rate in the system during sprag(Grisso et al. 1989; Hofman and Solseng,

2004) Equipment operators can also impact the application performance by deviating from the desired
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swath causing doubleto no-coveragen areas.Overlap generally occurs at headland turns, when
operating within point rows, and between adjacent passes.

Today, most large selpropelled sprayers control application rate base on required system flow. The
controller uses a flow meter for closed loop control then either contapls-line valve or pump speed
to maintain the set target rate in the controller reglless of ground speed changes or width changes
(turning boom sectioaON or OFF)Thereby, this closed loop approached minimizes application errors
by adjusting the system flow to meet the required target rafd-Gaadi and Ayers (199¥Bported that
aspray controllereduced application error® within -7%to 1% compared to a ground driven system
which produced a larger range of errors betwe&B8%and5% Ayers et al. (1990eported that a
DickeyJohn SC 1000 pressure based sprayer control sysigimtained arapplicationerror of less than
5% with ground speeds varying from 3.2 to 9.7 km/h.

Over the pastouple ofdecadss, rate controllershave alsavolved toimplementvariable rate
application (VRAYf inputs such as nutrientend pesticidesPast researclon the responseand accuracy
of rate controllershas beerconductedon variablerate technology(VRT)Prior experiments on VR
have shown that realime response ofhe controller was influenced bthe type of rate controller,
control hardwae selection and ground spee@yers et al.1990) The response time includes time
delays betweenvhen thecontrol signalvas conveyed t@andwhen theapplication ratewas actually
attained (Fulton et al,2005). Rockwell and Ayers (1996) designed analstaucted a variableate
direct nozzle injection field sprayer and concluded that the system took 3.8 s to go from 10% to 90% of
the step input. The reaction time for the control system in response tdtfierential global positioning
system DGPFrecdver can be as high as Z2vhile maintaining horizontal accuracy of 1 mM\kGaadi
and Ayers, 1999Another study indicated thadpplication errordor directinjectionsystemswvere

estimatedto be as high as 40% for mistreated areas of the field thigtthemical rate change at the
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nozzles occurring as much asr@@ast the desired step change location (Qiu et al., 19%&)ther issue
when using direct injection systems is how product introduced into the spray plumbing, upstream of the
nozzles and bau valves, gets delivered across the bodmteral location of nozzles along the boom

also affected the application accuracytmfom injection sprayers (Miller and Smith, 1992pwever,

Vogel et al.Z005)indicated that ate changeg$or a variablerate sgayer usually consisted of a smooth
increase or decrease in herbicide rates, except application rate spikes occurred when transitioning from

OFF (areas requiring no input) to back.Oheuse of* f a st control wvalve produc«
reached a high as 450/ha between old and new target rateé sprayer with a control system can

provide accurate application rates within 2.3% of the desired rate but could have lag times ranging from

15 to 55 s (Anglund and Ayers, 2003).

More recently,a precison agriculture (PA) technologylled automatic section control &SQurns
ONandOFFsections or individual control mechanisylike boom valves, nozzle solenoigdanting row
clutches etc, to reducethe over-application of crop inputsASQechnologywasinitially implemented
on sprayers to enhance the application of liquid pesticidesgicidesand nutrients. This technology
utilizesa global positioning system (GR8)Global Navigation Satellite System (GNSS) recaveq
with applicadion software to record areas which hasfreadybeen sprayed ohave beemrmappedas ne
sprayregions If the boomsectionor nozzle starts to apply in these areti®e spray controllewill
respond by turnindhe boom-sections or nozzles OREcordingly The useof ASC technology can
potentially result in 15.2% to 17.5% reduction in sprayed area by way of efficiently managing boom
sections (Luck et al., 2010herefore,overlap at headlands and within point roveseduced thereby
providing product savings

Rate control systems inherently have response time delays which can be classufido types; 1)

control system response and lag timad 2) dynamic stabilization time due to spray system

configuration(Fulton et al., 2008). Intermittently shutting nozzles ON and OFF on one side could
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increase operating pressure on the other side of the spragalyéni1999).Though the concerns
regarding control system response have been reported by many researchers, boom dynamics, which
may cause offarget application, have not been reported for sprayers equipped WHC The
fundamental understanding of boom dynamicsnigportant to understand in order to develop 1) control
systems and new technology and 2) the associated mechanical design (e.g. boom plumbing and related
hardware) of agricultural sprayers. This understanding becomes even more pertinent as the size of
agriaultural sprayer increases and as we try to reduce the control aspect down to individual nez#le. R
time pressure differences durirepitomaticboomsection/nozzle control needs to be investigated to
understandtheir impact onapplicationefficacy Therebre, the objectives of this study were 19
evaluatereaktime system flow rateand tippressure variations across the bodan a typical agricultural
sprayerusing variouvoom-section and nozzle contrégsts, and2) compare and contrastiow

dynamics ér a controller providingeedbackflow compensatiorto no-compensation during boom

section and nozzle contrtdsts

4.3 MATERIALS AND METHODS

4.3.1 S’ RAYERND DATAAQUISTION SYSTEM
Allexperimentswere conducted using a thregoint hitch mountedl8.3m agriculturalsprayer

(Schaberndustries Columbus, NBJSA The sprayer boom was divided into three sectidqhjteft, (2)
center and(3)right. There were dotal of 37 nozzles spaced at 50.8 cm across the b&wmm sections
1 and 3 were 6-n wide haring 12 nozzles eacWhile sction 2had 13 nozzlesndwas6.6 m wide.
The sprayer was plumbed usin@ &4-cminner diameter (ID) hose from the boom vadte each of the
3 boom sections. A.91-cmID hose was used to connect noZzteiesalong each bom section. The
length of the hose fronthe boom valve manifold teach boom sectiowas 7.62 m for sectiorlsand 3
but 2.44m for section2. Teejet 11003 extended range flat spray tips were seleatatbzzles Each

nozzle was equipped withE VDGoknoid valve Capstan Ag Systems, Inc., Topeka, Kanka4to
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turn individual nozzles ON/OFH.he sprayer seda hydraulically driven centrifugabmp (FMG150-
HYD206, ACE Pumfgorp., MemphisTN USA. A commercially availabkgpraycontrollerwas used for

all tests. This system used a turbitype flow meter (Model No.RFM60P, Raven IndSioux Falls, SD,
USA and 2.54cm butterfly type control valvéModel N0.063-0171-120, Raven Ind Sioux Falls, SD,
USA to regulate theoverall systentlow rate. The calibration numbers used for the control valve, and
flow meter were 2123 and 700, respe cRoitheedntyol a s
valve number of 2123, the firsligit (2) represents thevalve backlasdigit which contrds the time of

the first correction pulse after detecting a change in correction direatiotihe valve Backlash values
canrange from 1(short pulse}o 9 (long pulse)The second digit (1) controlled the response time of the
control valve motor with aangeof O (fast responsejo 9 (slow response)The third digit (2vasthe

valve brake point digit or point whet&e control valve would start to turn at a slower rdie avoid any
overshootwhen adjusting tole target rate. The values of the break point ranged from 0 to 9, where 0
corresponded to 5%, 1 to 10240 20% and on up t8for 90%o0f the targetrate. The burth digit (3)
represents thedead band whiclsets the allowablelifference between the targetate and the actual
application rate For the control valve used, tlidead bandcan beset betweenl and 9 with 1
representing an allowabl&%difference and 9 corresponding to an allowabBié. The flow meter
calibration number indicated 70 pulses per.8% liters.The rate control system providdtbw
compensationC)when programmed to the automatic control mode and-cmmpensationNC)in the
manual modeDuring the compensation tests, the controller attempted to maintain the set target rate
(L/ha) wit any changes in application width (nozzles or besattion turned ON and OFF) and/or
ground speedThe rate controller was set to simula#b6.8 L/minflow rate at aground speed 09.7

km/h.
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To measurenozzletip pressurgFigure4.1), thin film pressure transduce(®odelNo.1502 B8IEEZ
100 PSI (PCB Piezotronics InBepew, NY, USAvere usedat 10 nozzlelocations. Nozzles were
numberedstarting from the leftside between 1 and 37 with transducers mountedmmzzles 1, 8 12,
17, 20, 22, 25, 29, 35 and Fidure4.2). The pressure transducers hadneasurement range of 0 to
689.5 kPa witlieportedaccuracy ok 0. 2 5 %% aridarl d s pacrad ee t .IAmother préssue 1 ms
transducer was mounted at the boom valve manifold to monitor the overall system presstire
same location where the analoggssure sensor providing feedback to the operator was plumbed by
the sprayer manufacturetnput signal to boom valves was used to decide the ON and OFF status of
boom valves based on high (13 VDC) and low (0 VDC) voltage of the boomifeeeslog sigals
from pressure transducerandthe three boom valveswere samplé using twoNational Instrument (NI)
9221 analog inputodules S/stemflow rate was measuredising the existingnline flow meter
connected to aMeasurement Computind' (MC)USB4303 counter/timer board.A program in LabVIEW
version 8.6 was written toeadthe analog signals, and frequency from the MC board.déweloped
LabVIEWrogram also convertethe analog signarom the various transduceits a pressureand the
flow meter frequencyto the system flow rate. All data was time stamped amiten at 50 Hzo a

* TXT file for analyses.

Figure 4.1. lllustration of nozzle body setup equipped with a Capstan solenoid body (a) and pressure transducer (b).

60



Figure 4.2. Sprayer plumbing configuration from the 3 boom valves to each boom-section; number assignment between 1
and 37 from left to right for each nozzle. Gray triangles represents nozzles equipped with pressure transducers while black

triangles indicate nozzles turned OFF for the various tests.

4.3.2 EXPERIMENTADESIGN
A total of10tests were conductednd replicated three timew® evaluate reatime system flow and

tip pressure(Figure4.2). The testing proceduravascomprised of 2 boonrsection(B)and 3 nozzle
control (N)tests. During eachest, boonvnozzle-sectionswith stable system pressungereturned OFF
and thenswitchedback ONallowing system pressure to stabilize each tinetween OFF and ORor
each test, the sprayer was allowed to run for 60 s to attain stable system pressure before turning
boom/nozzlesections OFfFigure4.3). The locations for instling ten pressure transducers were
establishedwith the intentto record pressure changes at varying distafcem the point of liquid entry
at each boom sectiouringthe two boomcontroltests (1 and 2)either one or two consecutive boom
sections wee turned OFfhen backON respectively The first two nozzleontroltests (1 and 2)
consisted ofLl2 and 25 nozzles respectivelyturned OFFandthen backONwhich emulated thdests in
which boomsections 1 or 2 were turned OFF and then back T only differencéeingthe point of
control (boom valvesersusnozzles) for comparative reasofidethird nozzlecontrol test (3)consisted
of turning31 nozzles ORRen backONto evaluate conditionsvhen only a few nozzles remained ON
The boom and nozzlesectiontestsrepresent uniqueoperating conditions when usinfgSGechnology
The reattime tip pressure will directly reflect the extent to which the control system was successful in
maintaining constant application ratesiring ASGangagenent and disengagementl hesetests willalso

guantify the stabilizationtime for tip pressure and system flow rafieiring these engagements and
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disengagementisgthus providing insight on control system respotigge and boom plumbing dynamics.
Comparison oflow compensaton and necompensaibntestswi | | ascertain the

regulate and maintaisystem flow ratdor the settargetrate.

Spraying

60 second Selected 60 Seconds Boom- Or 60 seconds
system (All All boom-
delayfor boom- delay for Nozzle delay for
boom and - - and nozzle
nozzles system section Or system sections system sections
_ ressure to Mozzles ressure to turned back ressure to
sections) P P P turned OFF

turned ON | stabilize -. turned OFF . . stabilize . . ON stabilize

Figure 4.3. Data collection procedure used for all tests.

Testand data collection procedusdor boom- and nozzlecontrol testswere kept the same(Figure
4.3) for all tests The datawascollectedfor 2 boom-sectioncontrol testswith compensation (B-Cand
B2-O), 2 boomsectiontestswith no-compensation (B-NCand B2NQ, three nozzle contrdksts with
compensation (M-C through N&) and 3 nozzle contraésts with necompensation l1-NC through
N3-NQ. The datadr all 10 testsvere analyzedseparatelyfor the part ofthe experimentwhensections
were turned OFF and subsequently back ON.

A program in MATLAB was written to compute the initial nozzle pressure before initiatisg final
settling pressuréFP) sttling time (ST) percent overshoot (OSag time,boom valvenput signal, or
OFF/ONtime, flow rate stabilization timgand pressure stabilization tim&oom valve input signal of 13
VDQwas considered ON and OFF otherwileeflow meter calibratiomumber corresponds tthe
number of pulses for everd7.8 litersof fluid passing through the flometer; therefore systenflow
rate was calculated using ttiellowingequation:

_10* f*3.24
MCN

FR (Equation 4.1)

Where
FR = system flow rate ihin™)

MCN = meter calibration number for flow meter
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3.24=a constanto convert gallons peseconcdto Lmin™

f =flow meter frequency (Hz)

Thesettlingtime represened the difference betweertimesof observatiorof + - 5%change irtip
pressure changk from the initial system pressuite the time when tippressurefinally reached and
stayed withint/- 5%o0f final pressure after the boorsection(s) was turned OHR.the dda table the
average values dinal pressure, percent change in pressure, pressure settling and stabilization times
considering onlghe ON boorssection(s)/nozzlebhave been presentedn addition to pressure and
system flow rate, boom input signil eat boom valve vasrecorded to estimate pressure and flow
rate stabilization timesPressure stabilization tim@STyvas defined athe difference between the time
the input signal actuated a boom valieethe time when the pressure settled and remainedhirt5% of
the final valueThe lag time was computed by taking the time difference between when the first nozzle
on the section observed a pressure change compared to when the other nine nozzles observed an initial
pressure changelherefore, the PST isdtsum of the settling and lag tim&heflow rate stabilization
time (FSTJepresentedthe difference between the time when the boom valve shuts @RfRe time
when thesystemflow rate settled and remained within 5% of the final valBer presentation purposes,
only one pressure sensor from each of the besections was selected and presentdng withthe
system flow rateA black dotted linewas used to separate when boom valves or nozzles were shut OFF
(left side ofline) and whenhey were turned back ON (righide ofline).

An analysis of variance (ANOVA) veamduckd in Satistical Analysis Systesoftware (SAS Institute,
Inc.NG USAusingthe General Linear Model (GM) procedureto ascertainf statisticaldifferences
existed between tip pressure, PST and B&3ed on the mean values of these parametiusng
different tests Means and standard deviations for different parameteese also calculated usinipe

GLM procedureA two sample #test wasusedto obtain statisticaldifferences betweeninitial and final

63



tip pressuredor eachtest. Multiple comparisons diip pressures foall tests were conductedusingthe
TukeyKramerprocedure Thetip pressurecoefficient of variatior(CV)was computedacross the boom
whichsignfied thetip spray uniformityfor any point in timeAll statistical analyss were conducted
using 895% confidence intervah second ordepolynomial regression linfy = —2 = 10 =5 x? +
0.0059x + 0.1003, r*=0.999) was fited to the manufacturers tip pressure versus flow rafaato

estimate tip flow rate(Teejet 2008)

4.4 RESULTS AND DISCUSSION

4.4.1 HOWGOMPENSATIORESS
Theincrease irtip pressurerangedfrom 6.7% to 20% durinifpw compensatedests Table4.1) when

turning boomor nozzlesectior(s) OFFBoom control tests (B1-Cand B-C) demonstratedtip pressure
increase between 9.46and 14.1 % Wile tip pressurericreases between 6.7% and 20.0%evne

observed duringhozzlecontrol tests (N1-C N2-Cand NB-C). Thehighesttip pressure increasé€0.0%)
occurredduringN3-Ctestwhen 31 out of 37 nozzles were turned OFF. The increase in nozzle tip
pressurefrom 6.7% to 20.0%uring variougests was equivalent to 3%to 10.6% increase in the tip
flow rate. Figure4.4a and Figure4.4b depict the nozzldip pressure variation during2-Cand N2-C

tests, respectively It can bedeterminedfrom Figure4.4 that oncesections land 2 were turne@FFthe
final tip pressure could not stabilize the initial pressure conditions eveor the flow compensation
tests This ncrease in tip pressureouldbe due tothe fact thatthe controller adjusted the system flow
rate based on feedback from the flow meter and did not take into account the tip pressure or boom
flow dynamics whersections were turned OFEontroller responseased only on flow rate feedback
also resulted in seconarder dampening and delayedstabilizationof tip pressureduring section control
This result illustrated ifrigure4.4 where the tip response does not correspond to the upstream flow
meter response, providing feedback to tbentrollermay be important to consider for control systems

or when designing the mechanical aspects for sprayers (e.g. plumbing, vaiieriecfittings, etc.).
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This consideration would minimize application errors when these conditions are encountered under
field operation. However, additional research is required to more fully understand the responses
measured, determine the primary ca@, and how to reduce this effect in order to minimize potential

application errors.

Table 4.1. Summary of tip pressure and flow rate results (means presented with standard deviation provided in

parenthesis) for both flow compensation and no-compensation when sections were turned OFF!Y,

% Change
P in tip % increase in oS ST FST PST
Test (kPa) pressure tip flow rate (%) (s) (s) (s)
Compensation
B1C 278.7 0.4 5.1 6.5 0.3 2.9° 1.0°
(0.1) (0.1) (0.0) (0.3) (0.1) (0.6) (0.1)
N1-C 296.2 6.7 3.7 12.3 11.3 4.7a 11.4
(0.4) (1.0) (0.5) (0.7) (1.6) (2.4) (1.1)
B2C 2775 14.1°% 7.3 23.0° 23.7 3.9° 244
(0.1) (0.9) (0.5) (1.5) (3.3) (0.8) (3.3)
N2-C 294.0 11 5e 6.3 25.1% 25.1 350 25.2
(1.6) (4.7) (2.7) (2.9) (2.2) (0.3) (2.2)
N3C 304.9 20.0° 10.6 19.7° 17.9 2.7 18.0°
(1.1) (2.4) (1.2) (1.0) (1.5) (0.0) (1.5)
No-Compensation

B1NC 285.9 17.7° 9.3 1.7 0.1 2.5 0.7
(0.1) (0.2) (0.1) (0.2) (0.0) (0.2) (0.0)

N1-NC 293.0 16.0° 8.8 3.4 0.1 1.9 0.1°
(0.4) (0.6) (0.4) (0.3) (0.0) (0.4) (0.0)

B2NC 284.9 35.3 18.1 4.0°° 0.1 3.0" 0.7
(0.2) (0.6) (0.3) (0.9) (0.0) (0.7) (0.0)

N2-NC 292.3 34.1° 17.8 3.7 0.1 4.3° 0.1°
(0.4) (1.5) (0.7) (0.4) (0.0) (0.2) (0.0)

N3NC 301.3 357 18.2 6.1 0.2 2.47 0.7
(0.3) (0.9) (0.4) (0.8) (0.0) (0.4) (0.0)

M |p=initial pressure; OS=overshoot; ST=settling time; FST=flow stabilization time; and PST=pressure stabilizafitmirticw@umns,
means with ameletter (superscript) areot statistically different at the 95% confidence levEhevalueswithin parenthesis
indicate standard deviatian
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Figure 4.4. Tip pressure, system flow rate and input signal to boom valves 1 and 2 for flow compensation tests B2-C (a)
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and N2-C (b).
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Table 4.2. Summary of tip pressure and flow rate results (means presented with standard deviation provided in

parenthesis) for both flow compensation and no-compensation when sections were turned back ON'™.,

us ST FST PST FP
Test (%) (s) (s) (s) (kPa)
Compensation

B1-C 525 10.7 4.8° 10.9 275.1

(0.0) (0.2) (4.6) (0.2) (0.3)

N1-C 9.7 3.0 3.F 3.0 278.6

(0.2) (0.4) (0.8) (0.4) (0.3)

B2C 99.3 15.3 6.4"° 15.6" 277.2

(0.0) (1.6) (4.5) (1.5) (0.1)

N2-C -46.£ 11.8 5.9° 14.G° 278.6

(0.0) (0.6) (2.0) (3.4) (0.1)

N3C 59.F 14.4 10.7 14.4 276.5

(0.0) (0.8) (1.3) (0.8) (0.0)
No-Compensation

B1NC 428 1.6 3.1 0.9 284.1

(0.0) (1.7) (2.1) (0.1) (0.1)

N1-NC -4.19 0.2 3.0 0.7 289.6

(0.0) (0.0) (1.6) (0.0) (0.2)

B2NC 718 1.0 4.7 1.7 285.5

(0.0) (0.1) (1.2) (0.1) (0.1)

N2-NC 35 0.2 4.0 0% 291.7

(0.0) (0.0) (1.1) (0.0) (0.1)

N3NC 3.9 0.2 2.3 0. 297.9

(0.2) (0.1) (0.3) (0.0) (0.1)

M ys=undershootSEsttling time; FST#ow stabilization timePSEpressure stabilization timeand FP=final pressure. Within
columns, neansfollowed bysame letter(superscriptspre not statistically different at the 95% confiderlegel The valueswithin
parenthesis indicate standard deviation.

System response was found to be different while shutting beaetions OFfTable 1)ersus turning
them back ONTable4.2). The boom system pressure stabilization took longer time than expected
during compensated section contr@sts. ThePSTvaried betweeril.0and 252 s (Table4.1) when
turning section®©FF and between 3.0 to B aftera section(s) wasturned back ONTable4.2). The tip
pressure exhibiteé second order undedampened responsewith gradual decrease in tip pressure
before stabilizationywhen the boomsection(s) was shut OfFHgure4.4a), whereas, the tip pressure
gradually increased and exhibited a second order @ampened system when turning sections back
ON(Figure4.4b). Tip pressure stabilization tinséor the B2-Cand N2-Ctestswere 24.4 and 25.2,s
respectivelywhen sections were turned OFF while it was 15.6 and 1teé&gectivelywhen turning

sections back ONA smilar trend can be seen betwedhe B1-Cand NL-Ctestsinvolving one boomn
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section.Theflow meter andflow control valveresponse timdargelycontributes towardghe PST. The
higher PS§when turning the sections OFF could be dugh®slow responseof the flow control valve
while adjustingthe system flow to the targetate. During nozzle control, the liquidithin the hoses
between the boom valves and nozzlesnain pressurized Therefore when the sections were turned
back ONnozzlecontrol demonstratediower pressure stabilization timess compared tdéhe boom-
sectiontests.

The percentage overshoot in tip pressure tloe flow canpensationtestsvaried from 6.5%0 25.1%
(Tabled.1) which was proportional to theressure settling timg(0.3 to 25.1 syvith the excepton of
B1-C The tip pressure demonstrated 46.4% to 99.3% undershoot when the sections were turned back
ON. Thdower undershootand PST during nozzlerdrol tests signikd that nozzle controprovided
lower tip pressure variations across the boom and faptessurestabilizationwhen turning sections
back ON.There was little difference between the settling and pressure stabitn times,
demonstratingnegligiblelag timefor all flow compensation test§ herefore, a ¥% t010.6% ircrease in
final tip flow rate with apressure stabilization timbetween 1.0 an®5.2 scan result in oftarget
application when boonrsections omnozzles are turned OFFhe overdamped system response
accompanied by?STs between 3.0 al®.6 swhenturning boomsections back OWill essentially
contribute tounder-applicationevenwhenimplementingflow compensation

For the boomsectiontests, he PSTwithin the boom-sectionsturned OFF wasgp to 1.6 sThisdelay
in tip pressure reaching zeowuld be attributed to the fact that the nozzles continued to spaya
short time untilthe residual pressure in theoom-sectionequaledthe pressure drop across the nozzles.
Duringboth boom-sectionand nozzle contrdiests, the tip pressure responded almost instantaneously
(< 260 msand coincidedwith the input signal (dotted black liné-igure4.4a) to boomvalve or nozzle

solenoids while shutting OFeff ON.
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Thesystemflow rate stabilied between 2.7and4.7 s(Table4.1) when boomsections were turned
OFF Flow rate stabilation tookbetween 3.0 and 10.7 @ able4.2) whenturning boomsectionsback
ON.TheFSTwaslonger when a sectiqs)wasturned back ON compared to turning them OFRvas
also observed that the system flow rateassensitive tathe number ofboom-sections initially turned
OFF before turning the entire boom back @M.interest, these results did not indicate aingnd
between the flow rate stabilization times and thember of boomsections oithe percentage othe
boomturned OFFThe longer flow stabilization time fd@2-Ccompared to BiCwas expected sincB2-C
required alarger adjustmenby thecontrol valve. Itvasalso interesting to not¢hat the system flow
rate stabilizedo the target rate value withif7.0 swhile the tip PSTastedas long as 25.1 s with tip
pressuregemaining20% more than the initial pressuréhe sample standard deviation between the
replications for tip pressure, percent change tip flow rate, OS, FST and PST was found to be low except
for the FST whe turning sections back Ofable4.1 andTable4.2). Thus, these results suggegthat
the system flondoesnot directly correspondo the tip flow rateresponseduring these stabilization
periods Tte difference irthe PST and F&ilsoimpliedthe needfor asecondaryreattime feedback
mechanisnto provide information to the spray controller to manage boom dynamics. This feedback
mechansm could use both tip pressure and system flow rate as a means to either implement a look

ahead time to make adjustments in a timehanneror adjust settings to minimize application errors.

4.4.2NO-COMPENSATIORESTS
The ro-compensatiortests demonstratedip pressure increasebetween $.0% and35.7%(Table

4.1) when boomsectionswere turned OFFThis range equated to a respective increase of 8.8% to 18.2%
in tip flow rate.Therewas a two foldncreasen tip pressurgor B2-NC(two boomsectiors OFF)
compared toB1-NCtest (one boomsection turned OFFJ.hetrends for the increase itip pressure

were alscsimilar tothe compensatingests. Tip pressurefor no-compensaion testsincreased by two
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times as compared to the compensatt$ts. The firal tip pressure after the sections were turned back
ON stabilized close tibe initial conditions(Table4.2).

ThePSTwas less than.2 s for allno-compensatiortests wheher turning boomsections OFBr ON
(Figure4.5). System responsehenshutting boomsections OFF versus turning them back ON was
similar to the compensatingests. Overshoot in tip pressurfor the nocompensatingestswas between
1.7% and6.1% lowerthan compared tothe compensaingtests (6.26to 25.1%)The system FS/aried
between 2.0 to 6.9 seconds and was comparablénéflow compensatedests when boorrsections
were turned OFF. Similar trendsR$T and FSiWere observed when boorsections werdgurned back
ON The system flow rate deviated by 24.6%-{B2) and tip flow rate increased up to 18.2% during no
compensation tests. It is expected that-compensation would have resulted in redistribution of
energy in the hoses therebgcreasinghe tip flow rate duing different tests. This redistribution of
energy and increased tip flow rate could be the predominant reason for near equal system flow rate
even during necompensation tests. The unit frequency on the flow meter represented 3.2 L/min with a
responseitme of 1.5 s, therefore a flow meter with better resolution and faster response will help
further understand system flow rate behavior. Tip pressure response duriogmg@ensation boom
section and nozzle control tests was similar to that during compeamséagists. Thecomputedstandard

deviatiors were considered smdibr all the necompensatiordata (Table4.1 and Table4.2).
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Figure 4.5. Tip pressure, system flow rate and control input signal for tests B2-NC (a) and N2-NC (b).



Faster response during rmmpensatiortests should not be interpreted an advantage oveno-
compensation when usingSQechnology. The quick response durimgp-compensatioris due to the
rapid redistribution of energy in the hoses to those nozzlds@N since theontrollerhas no feedback
from the flow meter Therefore, flow compensation is a tradeoff between having tip pressure increases
between 6.7% and 20% with some settling time to achieve the target system flow rate as opposed to a
35.7% incrase during the NBIC test.

The tip pressure increase was greater during boom cotéis and was roughly proportional to the
percentageor number of boomsection(s)r nozzles turned OHRFigure4.6). This tip pressure increase
could be result of net decrease in pressure drop across control system hardware but needed further
investigation. Tip pressure increase resulted in statistically different and proportional increase in tip flow
rate, which can radt in increase in application errors, as the number of sections turned OFF increases.
The unequal increase in tip pressure during comparative boom and nozzle ctegtetould belargely
due tothe locationpoint of shutting the liquid ON/OFFor a gien system flow, there will be dissimilar
pressure drop across boom valve(s) and nozzle(s), which might be the cause of different effective tip
pressures during booraection(s) and nozzle control teste final nozzle tip pressuvehen the

boom/nozzlesedion(s) were turned back Ostabilized close tthe initial tip pressurgTable4.2).
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Figure 4.6. Mean percent increase in tip pressure for those nozzles which remain ON versus the number of boom-sections
turned OFF for the various tests.

TheANOVA procedure demonstrated that me@mpressureduring all the boornand nozzlecontrol
testswere significantly different from the initi@nd finaltip pressure (Table4.3). ThePST with sections
turned OFF and; PST and FST after sections were turned Naalef@ alsosignificantlyfor different
tests Multiple comparisons of all tests using the Tulkéwmer indicaed that PSTs when turning
sections ON/OFF and FST when turning sections back Odigrdisantlydifferent for flow
compensationwhereas thePSTs and FSTs were not significantly diffefenho-compensation boom
and nozzle control tests.

Table 4.3. ANOVA results for mean tip pressure, PST and FST during different section control tests.

Source Degrees of Freedom Sum of Squares P-value

Tip pressureSections turned OFF 9 901.0 <.0001
PSTSections turned OFF 9 2978.1 <.0001
FSTSections turned OFF 9 21.41 0.0155
PSTSections back ON 9 1221.3 <.0001
FSTSections back ON 9 169.8 0.0095
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The tippressure(Figure4.7) along the boormhada CV ofup to 70%or a short duration (< 600 ms)
during PSWhereas it wasess than 15%otherwise.The boom control testhad tip pressure G/over
7% for approximately 1.8§&igured.7a andFigure4.7b) when turning sections back ON. In general,
nozzle control offered faster tip presguresponse when turning sections ON/OFF thereby resulting in
lower C\é. The results also indicated that timeagnitude intip pressure increase depended uptire
number of boomsectionsor nozzles turned ORJFigure4.6). Thecontrol point for turning ONOFF
boom valves onozzlesolenoidampactedboom system flow dynamicbleverthelessASQyenerated
complex and unique flow dynamieffectingtip pressure anagystemflow rate. Considerations on how
to improve the PSiheyond 10 econdsis needed tominimize application errorsdowever, @rther
testing, both lab and fields needed tofully understand flow dynamics while usiagtomaticsection
controltechnology The ip pressure and P®Etweenturning sections Oldnd OFRwvas consistently
different for the variougestswhich indicated a neetb reassess rate controller strategduring ON
and OFF routineg.he comparison between compensatiand necompensaibn showed that although
ASQechnologydid control pressure and flow ratéut could not maintain constant tip pressure/flow
rate to match application rate during section contrim.general, pessure stabilization times and
elevated tip pressureduring and aftesystemflow rate stabilization suggest that off-target
application errorcan occuwhen usingautomaticsection controkechnology . The tests selectefbr the
purpose of evaluating boom fluid dynamics providgat@iminary understanding of the contreystem

behavior when turning boorsections or nozzle solenoids @QNdOFF.
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Figure 4.7. Tip pressure CVs across the spray boom during the boom-section, flow compensation (a) and no-

compensation (b) tests along with the nozzle, flow compensation (c) and no-compensation (d) tests.
4.5 CONCLUSIONS
The following conclusions were drawn from this study:

A Tippressure varied between @#and 20.0%rom the initial tip pressurevhichwas equivalent
to an increase of 3%to 10.6% in tip flow rateluring flow compensatiotests. The ip pressure
increase waspproximatelyproportional to the percentage of boosections turned OFfuring
allboom-section and nozzle contregsts.

A The tipPSTwhen turning sections OFF and back, @&s up to 25.2 and 15.6 seconds

respectivelyfor the compensatingests. Conversely,ie systenFSTwas typically less than 7

75




secondsluring compensatednd neccompensated section control testsTherefore, these
results highlighted that a difference can exist between the control measurement point (flow
meter) and actual point of application, the nozzle, when ugiBgtechnology. However,
additional research is needed to better understand thifference but one does exist.
Nozzle control tests showed an almost instant response (< 140 ms) in tip pressure,
demonstrating negligible lag time. The point of tmh(boom valve versus nozzledntributes
significantiytowards boom flow dynamics dugnsection control.

Nozzle tigflow ratewas always higher (4% to 11%) thiha flow rate measured by thélow
meter. Thereforesystem flow ratedid not represent tip flow rate during section control.
Flow compensatedoom and nozzle control tests exhibd 20.0% increase in tip pressure
though managed system flow rate to matt@rget application rate The necompensatiortests
demonstratedup to 24.6% variation in system flow rate and 35.7% increasp pressure

duringboom- and nozzle contrdiests.
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CHAPTER 5
ReAL-TIME NOzzLE FLow UNIFORMITY WHEN USING AUTOMATIC SECTION CONTROL ON
AGRICULTURAL SPRAYERS

5.1 ABSTRACT
Automatic section control (ASC) has been readily adopted by US producers on sprayers because it can

improve infield equipment efficiency and decrease overlap or input usage leading to economic savings
while reducing environmental impacts. However therénsted knowledge about nozzle flow rate
management when shutting ON/OFF of bosettions or nozzles and possible impact on application
accuracy. Therefore, an investigation was conducted to evaluate control system response in managing
reaktime nozzle dfrate and flow uniformity across the boom, for a typical agricultural sprayer using
ASC. An 1861 sprayer was outfitted with commercially available individual nozzle and ksmmtion

control. Tests were conducted to simulate sprayer moving OUT of pmininto no-spray zone and then
coming back INTO spray zone by selecting two point row scenarios having 20° and 70° angles were
conducted at a 43.2 I/min application rate and 9.7 km/h ground speed. Ten high frequency response
pressure sensors were randonmhounted across the boom to measure nozzle pressure. The nozzle
pressures were converted to nozzle flow rate to calculate nozzle flow rate delay time, settling time,
percent oftrate (percent difference between actual and target nozzle flow rate) and pereezzle flow

rate coefficient of variation (CV), considering only ON besguotions. Autdboom scenarios were
conducted with and witkout flow compensation while autoozzle scenarios were conducted without

flow compensation. Results indicated that noZibev rate settling time varied from 0.4 to 14.4 s and
nozzle offrate between-2.4% and +28.7 for 70° point row adboom tests when moving OUT and back
INTO point row. The machine moving OUT of point row resulted irayarcation whereas moving

back NTO point row resulted in undepplication during flow compensated tests, thus demonstrating
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different response for moving OUT/INTO point row. Nozzle flow rate CVs were more than +50% for a
short duration (< 1.0 s) when reentering point rows, duringests. Compensation tests for 20° point
row tests highlighted the constraint of the control system to respond to certain situation where
feedback response times can match up with the time at which the new targets were set forth for the
controller. Overall@sults indicated that control system response time can impact nozzlateffand
therefore controller should have an option to selectively actuate ASC only when the next target is
manageable within control system response time limitations in order tomii@ offrate/target

application.

5.2 INTRODUCTION
Pesticides and nutrients are inevitably required for efficient and economic producticmops.Rising

input pricesand $11.5billion annual spending on agrochemicals in200SDA2010) coupled with ever
increasing pressure on pesticide and fertilizer users to minimizeatédfapplication hasnotivated
stakeholders to improve spray equipmentenhance application accuracy. Crop yield and quality
depends greatly othe right amount ofpesticides application across the fi€ldzkan, 1987). Over
application can result in increased production costs along with potential damage to crops and the
environment whereas undesipplication can lead to ineffective pest control potentially generatiegdy
loss.

The development of rate control systems has improved the applicaiionracy of farnnputs. Rate
controllersfor sprayersare commonly classifieaspressure or flow ratdasedcontrol systems
Pressure based control systems usually proterequired flow rate by adjusting the system pressure
depending upon the nozzle orifice size whereas flow based systems uses flow meter feedback to ensure
accurate application. Most sprayer controllers used ongeipelled sprayers today are flow coat

based systemdhe rate controller globally monitoend adjustsapplication rates based on regime
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vehicle speed and application widivhile the operator concentrates on supervising the overall job. The
user interface offers the operatdlexibility to monitor andchangeapplication control optionsn-the-
go.DickeyJohn SC 1000 pressure based sprayer control system tested by Ayers et al. (1990) was able to
maintain an error of less than 5% with ground speeds varying from 3.2 to 9.7 kr@aadli ad Ayers
(1994) found that the use of a spreste controller compared to a ground driven system reduced
application errors from18% and 5% down td% and 1%. Rockwell and Ayers (1996) designed and
constructed a variableate direct nozzle injection fi@ sprayer and concluded that the system took 3.8 s
to go from 10% to 90% of the step input. Intermittent switching between ON and OFF of nozples
side of the sprayecouldincrease the operating pressure on the other sj8alyani1999) potentially
resulting in application errors attributed to pressure and flow rate differendegel et al. (2005)
evaluated a variableate sprayer and found that rate changes usually consisted of a smooth increase or
decrease in herbicide rates, except an applaatiate spike occurred in situations when the prescribed
rate changed from OFF to ONhe use of &ast control valve produced flow rate spikes that reached as
high as 450 L/ha between thid (OFFand new(300 L/haYarget rates.

The use of autmatic setion control (ASQechnology in Alabama has helpeztiuce overapplication
of pesticides and fertilizefsy 1% to 12% per pass across figltt®eschet al., 2010)in addition to
improvingenvironmental stewardshipy impedinghe proliferation on nontarget zones including
vegetativefilter strips andgrassed waterway®ASQechnology closethe boom/nozzle solenoid valves
whenever the sprayecovers an arethat has already been sprayed for no sprayzones in point rows
(Figureb.1). Rate controlles useglobal positioning systenGP $to determine spatial location and
control theintendedflow to each boormor nozzlesection Thereforethe grower neverappiesmore
than oncealready sprayefield areas, eliminaingoverlap, improing efficiency, save on time and farm

inputs, and preserve fragile natural resourcéle use of ASC technology potentially results in a 15.2%
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to 17.5% reduction isprayed area by way of efficiently managing boom sections (Luck et al., 2010a).
Growers can potentially reduce the ovapplication area from 12.4% to 6.2% by using ASC instead of
manually controlling the boorsection ON/OFF (Luck et al. 2010b). Fohaké¢ positive benefits, ASC
slowly becoming a part of the packafype sprayer control systentsecause of the ease of usage and

farmers recognition of tangible benefits, particularly with savings.

No-spray zone

\

Point
row
angle

(A\<

Spray zone (crop)

Figure 5.1: lllustration of ASC for a three-section sprayer boom moving from a spray zone into no spray zone at an angle.
This example represents sprayer operation in point rows.

Effective spatial application using ASC depends onliligyaof the rate controllerto accurately
control system flow rate thereby maintaining correct application rates during ASC actuation. The
ON/OFF aatin requires a prompt reaction time between hardware components to maintain application
efficiency. Howe'er, application controllers do have inherent limitations on speed of response.
Application errordor direct injection systems can las high as 40% for mistreated areas of the faid
at times chemical concentration at the remote nozzles may changeasdtsmuch as 8t of travelpast

the desired step change location of the input command to the controller (Qiu et al., TB88)ag times
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for arate control systento provide accurate application rates withepecified limits othe desired rate
canrange from 15 to 55 s (Anglund and Ayers, 2Q03)e reaction time for the control system in
response to the DGPS receiver can be as high asviZhile maintaining horizontal accuracy of 1 Aw (
Gaadi and Ayers, 1999Hpart from the control systems and GP&didelaysGrisso et al. (1989) and
Miller and Smith (1992)eported that lateral location of nozzles along the booam also impact the
magnitude and temporal occurrence of application rate errdfhese studies have highlighted that
response time delayyand application errors are inherently associated with using rate control systems
and are often timegjoverned by the hardwareontrol algorithmcapabilitiesto managesystem

response.

The full potential of precision agriculture (PA) technologies cay lmnattained when operated
precisely (Mowitz, 2003). On today’ -appltaionofs, envir
pesticides and fertilizers which could increase the risk of environmental impacts such as runoff into
water bodies near fieldS-lhough many attempts have been made to report hardware time lags, no
research has documented dynamic nozzle flow stability when implementingTh8(@fore, the
objectives of this study were to 1yaluate the effect of point row angle on flow responsecss the
boom and nozzle offate when using AS@nd 2)compare and contrast nozzle flow rate response

during auteboom and autenozzle control.

5.3 MATERIALS AND METHODS
This study was conducted in the Biosystems Engineering Department at Auburn Unisngjtgt

three-point hitch mounted 18.3n sprayer (Schaben IndustrigSolumbus, NE UFAhe sprayer was
unfolded and operated in a static position for all tests using water. A John Deere 6420 tractor (Deere
and Company, Moline, IL USA) was used as theesmf hydraulic power for the sprayaentrifugal

pump (Model numberFMG150-HYD206, ACE Pumps Carplemphis, TN USA
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The sprayer plumbing was a dry boom sethjgre5.2) consisting othree boom sections: left (1),
middle (2) and right (3)The boom plumbing consisted 87 nozzle®n 0.51-m spacingBoom sections
1 and3 were 6.Em wide having 12 nozzlesehwhile boom sectior2 was 6.6m widecontainingl3
nozzlegFigureb.3). Hose sizes includatsing a 2.54€m inner diameter (IDhetweenthe boom valve
to the T fiting oneach of the 3 boom sectionsThen,1.91-cm ID hose was used to connect each nozzle
body Figures.3). The length of the hose frothe boom valvesto eachboomsectionwas 7.62 m for
sectionsl and3 andonly 2.44 m for sectior2. Teejet 11003Teejet Technologies, Wheaton, IL USA)
extended range flat spray tips were used. Each ndxallywas equipped with a 12 VDC solenoid valve
(Fig. 2 Capstan Agystems, Inc., TopekaS KISpNo provideindividual nozzle OBnd OFFcontrol. The

sprayer was set to sprayt0.5 L/haground speeaf 9.7 km/h.

(@) (b)

Figure 5.2. lllustration of a) sprayer and data acquisition setup and, b) pressure sensors and solenoids mounted at nozzles

along the boom-sections.
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Figure 5.3. Sprayer plumbing configuration, illustrating flow control valve placement, boom valves, widths of boom-
sections 1 through 3, nozzle spacing, hose sizes and nozzle distribution. Nozzles were numbered from left to right (ID
between 1 and 37). Nozzles equipped with pressure sensors are shown in green.

A commercially availablRaven Vipetfl spray system controller wassed This system useal3.81 cm
polyturbine-type flow meter(Model RFML5, Raven industries, Sioux Falls, SD &is®2.54cm poly
control valve (butterfly style) to regulate thwverall systenilow rate. The flow control alve calibration
number(VCN)wvasset at2123within the spray controller for all tests, as recommended by the
manufacturer The four digits of th&/CN Tableb.1) are used to control the system response. Thereby,
the 2123 VCN number set the controller to send relatively short pulse, relatively fast resporee to t

valve thereby producing a 20% break point and 3% dead band.
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Table 5.1. Flow control valve calibration number digits 1** through 4™ controls the system response time of butterfly

valve.

Digit Contrd aspect Range
1% Valve Backlash Digittontrols the time of the first Ranges froni to 9 where 1
correction pulse after a change in correction represents short pulse and 9

direction is detected and has a range from. long pulse

2" Valve Speed Digitcontrols response time of 0 (slowes) to 9 (fastes).
control valve motor and can be set between

3¢ Brake Point Digji- sets the percent away from Ranges frondto 9, where 0 =

target rate at which the control valve motor begir 5%, 1 =10% and 9 = 90%
turning at a slower rate, so as not to overshoot tf
desired rate
4" Deadband digit- dictates dlowable difference Ranges froni to 9,wherel =
between target and actual application rate, wher 1%and9 = 9%
rate correction is not performed.

The rate controller provided flow compensation whegt tothe automatic control mode and no
compensatiorin the manual modeNozzle pressure&vasmeasued withthin film pressure transducers
(Model 1502 B81 EZ 100 PSKgure5.2a; PCB Piezotronics InBepew, NY USAndat a sampling
frequency ob0-Hz. The pressure sensors weoarefullylocated tomeasure nozzle pressure at different
positionswithin boomsection Another pressure sensor was mountatthe boom valve manifoltb
monitor overallsystem pressureThis sensor location coincided with the existing analog pressure gauge
the operator views during operatioriNational Instruments CompactRI{tcR0O-9014controller, cRIO
9103 chassisyith atwo NI 9221 C series analog modules were used to measure pressure and boom
input signals.The overall systenmdw rate was measuredsing annline flow meterconnected to a NI
9403 C series digital input/outpy module Two NI 9475 C series digital output modules on the same
chassis were used to automatically switch @NXDFF theéhree boom valveor 37 nozzle solenoids.
Relays or input/output modules (Model 76@DC15, Grayhill Inc., La Grange, IL, USA)userkas the
intermediate control mechanism to tureither boomsections or nozzle solenoid valves ON and OFF.

Toevaluate reatime off-rate application and nozzle discharge uniformity (CV) across the bsorg

ASuring typical field scenaripsvo point rowshaving 20° and 70Atersectingangles wereselected
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for conducing the testsVarious irregular field boundaries from typical Alabama farms were studied in
ArcGIS and typical highest (70°) and lowest (20°) point row angles were thus selectedtfoo\pdests.
Auto-boom scenariosvere conducted wittcontroller flow compensatioand no-compensation, while
auto-nozzle scenarios were conducted witb-compensation. The rate controller was unable to be
setup in the flow compensation mode for the atnozzle scenarios. The theoretical time required to
close and operach boomsection/nozzle whilesprayingpoint rows was calculated based on ground
speed(9.7 km/h)and boom/nozzle spacin@rigure5.3). Theresulting switching times fa20°and 70°
point rows are presented imable5.2. Sections wereéurned OFF when the sprayer moved OUT of a
point rows and back ON when the sprayer moved back INTO unsprayed pointl/ARSIEVB.6 was
utilized to develop program for automaticaligtuating boom or nozzlesolenoidvalves utilizing pre
determined times fromTable5.2. Thetest algorithmfollowed the sequenceresentedin Figure5.4.
Appropriate time delays were introduced &low thesystemto stabilizeas thesprayerexitedand

reentered point rows

Table 5.2. Intended section OFF/ON control time and target flow rate to simulate 20° and 70° point row tests.

Pointrow e Boom-section------------- ----Nozzle section----
angle Parameter
1 2 3 Single nozzle

ON/OFF Actuation time

20° (sec) 0.83 0.90 0.83 0.07
Target flow rate (L/min) 13.64 14.88 13.64 1.14
ON/OFF Actuation time

70° (sec) 6.25 6.77 6.25 0.52
Target flow rate (L/min) 13.64 14.88 13.64 1.14
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Figure 5.4. An example of field boundaries for Alabama, USA.

0 200 400 800 Meters

All tests(Table5.3) were replicatedthree times totaling 18 tests. The boom and nozzle scenarios
were selected to evaluate whether differences existed between d@om and autenozzle control.
The main dishction between these scenarios is that flow is turned &M OFF atndividualnozzles
versus at the boom valugpicallylocatedupstream ofthe nozzles Figure5.3). Eachboom-control test
data sets was divideito six partsboom 1 OFF, booms 1 & 2 OFF, booms 1, 2 & 3 OFF, boom 1 ON,
booms 1&2 ON and booms 1&23 ON. All six scenarios were uniquely different from each other in a
manner that during an experimepdifferent combination of boom sections was ON. The datdedfor
these six scenaridavolving auteboom control (ABC) testsere analyzedseparately For autenozzle

control (ANC) tests, the data involving exiting and, reentering point row was anagpacdately.
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Table 5.3. Summary of test regimen for auto-boom control (ABC) and auto-nozzle control (ANC) for point row scenarios.

Application Ground Point row Section .
Rate (L/ha) speed angle (°) control Controller setting
(km/h)
Compensation
ABC :
20 No-compensation
ANC No-compensation
140.5 9.7
Compensation
ABC :
70 No-compensation
ANC No-compensation

ThelabVIEW(LabVIEW , 200@rogramloggedpressure sensaandboom input signal data at 50 Hz
along with a time stamp fadataanalysesThe nozzle pressures were converted to nozzle flow rates
(Figureb.5) using the manufacterr * s st at ed pr e s(Begjat,2008).ITarget nozeld at i on st
flow rate was computed usingpplicationrate, ground speed and numbef sections ON. Number of
boomsections that are ON at any time during a test were determined by the measured tsigmalto
eachboom valve SimilarlyMATLAB was usdd log singlenozzleactuation.AgainMATLABvas used to
calculate average values of initial nozzle flow rate (IFR), final nozzle flow rate (FR), average nozzle off
rate (OR), delay time (DT) and ttheg time (ST) while Microsoft Excel was used to calculate coefficient
of variation (CVs) for each nozZlable5.4). Percent difference between actual and targetzzle flow
rate was calculated to offate error. These tests were conducted under controlled conditions
(stationary and level sprayer boom) and &d@eadband. Nozzle flow rates beyond +5% were
considered offrate. For settling time a £2% band was selected because this value is typically used to
understand control system response. Plots were generated to present hematefind CV varied when

exitingand reentering point rows. The solid black line in the plots serves to visually separate the exiting
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(left side of line) from the reentering response (right side of line). Furtherdbtted black lineare

included as an indication @fhen boomsor nozles were turned ON or OFF.
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Figure 5.5. Spray tip flow rate versus pressure curve along with polynomial fit (Poly.) based on the manufacturers

literature (Teejet, 2008).

Table 5.4. Nomenclature and definitions for various variables measured and computed.

Variable Acronym Definition
Initial flow rate IFR The average initial accumulated nozzle flow rate of three baeations before
exiting or after reentering point rows.
Delay Time DT Representdglifference between the time when the input signal to boom valve (
and nozzle solenoids were sent and time when +2% change in the flow rate
was observed considering only those sections which were ON at each time. st
Settling Time ST Difference between the time (seconds) when thezzle flow rate was beyond +2¢
after section(s) were turned OFF/GiXd the time whemozzle flow rate sttled
and remained withirt2% of the final value.
Flow rate FR Mean overall system or accumulated nozzle flow rate considering all nozzles
ON when exiting and reentering point rows.
Off-rate OR Average final no#ea off-rate after the boomsection(s) exited or reentered point
rows, considering only ON section(s) or nozzles.
Coefficient of CcVv

Variation

Represents nozzliow uniformity across the boom when exiting and reentry tc
point rows. Calculated by takimgean and standard deviation of only those noz:z
pressure values which were ON at each time stamp
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An ANOVA was conducted using the generalized linear nfGdiéM)procedure in SAS (SAS Institute
Inc.,1999 analyzing nozzleettling timeandoff-rate . Multiple comparisondetweentests were
conducted using Tukelgramer procedure at 95%nfidence interval to see if the differences exist

between exiting and reentering point row with compensation anecompensation.

5.4 RESULTS AND DISCUSSION

5.4.1 AuUTGBOOM70°POINT ROW
Nozzle flow response during the ABC tests with flow compensation is preserigmine5.6. The

nozzle flow rate had a delay time of 0.7 s, and settling time between 0.4 andTaBls4.5). Thedelay
time andsettling timesin response to input signal to boeaection 1, while exiting 70° point row, is
demonstrated irFigureb.7. During reentry, the delatime ranged from 0.1 to 0.3 s and flow rate settled
between 3.9 and 14.4 s (Table 6). The lag time during exit and reentry can be attributed largely to the
time for the boom valve to close or open once the input signal was sent. This result was edrsiha
the nozzle flow in the OFF section(s) was equivalent to the rate in the ON sections when exiting and flow
rate remained zero after the boorsection(s) reentered point rows, during this delay time. The
difference in delay time when exiting and reering might be attributed to dissimilar fluid momentum
at the boom valves (closing versus opening) because theoretically, time to open or close boom valves
was the same. The compliance of the hoses were not tested in this study, however the fluid momentum
can also be impacted by variation in the energy within hoses. The flow rate settled rapidly when exiting
but took up to 14 .4 s during reentering, which was expected since it takes time to build the nozzle
pressure and thereby flow rate.

The nozzle offate was positive when exiting resulting in oxaplication, whereas sprayer reentry
contributed to negative offate or underapplication. It was expected that the controller flow
compensation would maintain the nozzle -offte within £34 since the cotmoller was set at 3% dead

band. However, the resulting average-adte during flow compensation tests was between +6.6% and
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+10.7% Table5.5) when exiting point row whereas, during sprayer reentry, the-odte varied from-
36.3% t015.6% (able5.6). It is clear that though offate was more than £5% of target nozzle rate
during exiting, offrate was within £5% range only during reentijgure5.6). The nozzle offate times
indicated that overapplication occurred for 6.1 to 6.2 s whexiting Figure5.6) but underapplication
lasted from 3.6 to 5.1 s during reentiiyigure5.8). Nozzle flow uniformity (@ was less than 1.0% at all
times when exiting point rows. This result of low and unvarying CVs was expected. Conversely, nozzle
flow uniformity did vary up to 50.09%igure5.6) for a short duration during reentry but the mean CV
was again less than 1.0%. The nozzle uniformity varied primarily when-bections 2 and 3 were
turned back ON. A possible explanation for this finding was back pressure accompanied xcomp
dynamics in boonsection(s) occurring as a result of flow compensation and redistribution of fluid
energy, thus generating pressure variations along the boom. Of interest, an-dadgred response
occurred wherexitingpoint rows whereas reentry geneed an over or critically damped response at

the nozzles.
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Figure 5.6. Nozzle CV and off-rate for a 70° point row ASC scenario with flow compensation.
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Figure 5.7. Nozzle flow rate delay (DT), settling time (ST), and off-rate (OR) response once 1 boom shut-off valve is turned

off when exiting 70° point rows.

Table 5.5. Summary of nozzle flow rate delay time (DT), settling time (ST), final flow rate (FR), average nozzle off-rate (OR)

and off-rate time (means presented with standard deviations in parenthesis) when exiting 70° point row during auto-boom

tests with- and no (flow) compensation.

Boom-section(s) Exiting

Initial Condition =~ -------—--- Section 1 Section 2 -----------
FR OR DT ST OR ORT DT ST ORT

(L/min) (%) (s) (s) (%) (s) (s) (s) OR (%) (s)
Compensation

42.5 0.9 0.7 0.4 6.6 6.1 0.7 1.3 10.7 6.2

(0.0) (0.0) (0.0) (0.1) (0.8) (0.0) (0.0) (0.3) (0.4) (0.0)
No-compensation

43.4 2.9 0.6 0.1 125 6.1 0.6 0.0 21.3 6.2

(0.1) (0.1) (0.0)0 (0.0)0 (0.1) (0.1) (0.0) (0.0) (0.1) (0.0)

Duringthe auto-boom no-compensatiortests,the nozzle flow rate had delay time of 0.6 s when
exiting andirom 0.2 to 0.3 s while reentering &ble5.6). The delay times with noompensation were

comparable to those with flogompensation, indicating response time delayredf hardware (boom
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valves). Thélow rate settled almost instantly on exit whereasttling timevaried from 0.2 to 2.6

during reentry. Thdéower settling time was because of wompensatiorbut resulted in offrate when
exiting and during reentry. Theff-rate or overapplication during exiting (12.5% to 21.3%) and
reentering of boorrsections 1 and 2 (8.6% to 14.7%) withammpensation waapparentlya result of
increased flow and the boorsystembeingbrought to equilibrium by virtue of maximum noeZlow

rate. These offrate errors resulted in nozzle effte times from 6.1 to 6.2 s during exiting and 6.2 to 6.8
s when reentering point rows. When th& Boomsection reentered point rows, nozzle atite (-22.9%)
occurred for 0.9 s before stabiligiiwithin5%. The nozzle CVs were high for only a short duration for
reentry especially once boom section 3 turned ON, but otherwise within E@p4ré5.8). The wzzle

CV variations were similar to the flow compensatibig(re5.6) but tended to be short lived for Ro
compensation Figure5.8) when boomsections 2 and 3 were turned back ON. Theat# in Figres 6
and 8 are noticeably different suggesting quicker nozzle flow stabilization witlompensation.
However, necompensation esulted in overapplication for the entire period ASC was actuaté@tie

only difference between compensation and-nompensatiortestswasthe control valves ability to

adjust to the target flow during the compensation tests. Therafé and settling tine observedduring
exiting and reentry for compensated tests could result from respainse delaysof flow control valve

during ASC.
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Figure 5.8. Nozzle CV and off-rate (OR) for a 70° point row ABC scenario with no-compensation.

Table 5.6. Summary of nozzle flow rate delay time, settling time, final off-rate and percent nozzle off-rate (means

presented with standard deviations in parenthesis) when reentering 70° point row during auto-boom tests with- and no

(flow) compensation.

Boom-section(s) Reentering

Initial
condition = -------eee- Section 1-----------  ceeeemeees Section 2----------- Section 3
FR DT ORT DT ORT DT ORT
(L/min) (s) ST (s) OR (%) (s) (s) ST (s) OR (%) (s) (s) ST (s) OR (%) (s)
Compensation
0.0 0.3 4.6 -36.6 3.9 0.2 3.9 -20.9 3.6 0.1 14.4 -15.6 51
(0.0) (0.0) (1.2 (0.2) (1.1) (0.0) (0.2) (0.3) (0.4) (0.1) (0.7) (0.3) (0.3)
No-compensation
0.0 0.3 0.4 14.7 6.8 0.2 0.7 8.6 6.2 0.2 2.0 -22.3 0.9
(0.0) (0.0) (0.0) (0.1) (0.0) (0.00 (0.1) (0.1) (0.0) (0.0) (0.5) (0.2) (0.0)

The results of the statistical analysis for 70° auto-boom tests with and no-compensation are presented in Table 5.7 and

Table5.8. ANOVAesults suggest thahere is evidence that the means of teettling time, offrate

and offrate timediffer. The multiple comparisons suggested tisattling time, offrate and offrate for

the sprayer with compensation, wheaxiting point rovs wasdifferent than during reentrf p <
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Alsothe meansettling time and offrate for 70compensation tests were significantly different from-no
compensation tests, excepar the off-rate when sectionl was turned OFF for exit and &sswitched

back ONat reentry (Table5.7). It was expected that compensation andecmmpensation tests for 70°
point rows will have different nozzleff-rate, since the control valve was not compensating for flow
rate. Though offrate times were significantly different for reentry, overall-cdte time was roughly the
same during both compensation and-ntompensationFinally, extendedettling timesindicated that

for longitudinal(direction of travel)off-rate can ocar during point row operatiofior a much higher

period of time thanexpected The flow control and feedback mechanism needs to be further studied to

reduceoff-rate errors when using automatic section control technology.

Table 5.7. ANOVA results for nozzle ST and OR during 70° auto-boom tests.

Source DF Sum of Squares Mean Square F Value Pr>F
ST 9 518.( 57.56 256.69 <.0001
Error (ST) 20 4.48 0.22
OR 9 10592.32 1176.92 147.00 <.0001
Error (OR) 20 160.13 8.00
ORT 9 90.55 10.06 73.82 <.0001
Error (OR) 20 2.73 0.13

Table 5.8. Nozzle flow rate ST and OR multiple comparison from statistical analysis using Tukey-Kramer.

Tests ST OR ORT
1Boom OFEompensation D B AB
2Boom OHEompensation C,D B A

1Boom OHRo-compensation D B AB
2Boom OFMo-compensation D A A
1BoomON-Compensation B D C
2Boom ONCompensation B C C



3Boom ONCompensation A C B
1Boom OMNNo-compensation D AB A
2Boom ONNo-compensation C,D B A
3Boom ONNo-compensation C C

*Means with same letter are not significantly different»g®.05).

5.4.2 AuTGBOOMZ20°POINT ROW
For the20° point rowmtests,the flow rate did not stabilize while exiting and reentering point rows

during both compensatiorF{gure5.9) and necompensation Kigure5.10), except when the "8boom-

section reentered the point rows. There was a delay time of 0.7 s after ismmtion 1 exited and 8.s

as it reentered point rows. The nozzle flow rate settling time (13.6 s), whertse@ion reentered 20°

point rows was comparable to that for the 70° point rows (14.4 s). The 70° point row tests suggested the
control system needed more than 1.0csrespond and manage nozzle flow rate during ASC actuation
when exiting, and several seconds while reentering. The time to shut OFF and Ohdximn was less

than a second for all 20° testEgble5.2). Therefore, the 20° results indicated ASC actuation was too

quick for the controller to promptly respond. The -ofite also remained beyond +5% and only settled

after 3% section reentered point row. The nozzle CVseness than 0.6% except when boa®ction 2

and 3 reentered point row when the nozzle CVs were up to 30.0% for short duration. The comparison of
flow compensation and noompensation resultsdHigure5.9 and Figure5.10) indicated that feedback

control did try to manage nozzle flow but the controller was getting a new target before it could make a
change. Thus, in regards to flow rate, settling time anetat#, it can be concluded that response during
20° point row ASC actuation will be comparable irrespective of whether flow compensation is used or
not. For smaller point row angles where the rate controller does not have sufficient time to respond to
ASC etuation, it will be prudent to look ahead and adjust to the final operating conditions when all
sections are ON versus trying to provide rtale flow adjustment when section turns ON/OFF. These

tests can be related to control system response on headtarming and suggests, realistically you can
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control nozzle flow only under certain operating conditions when using ASC. Therefore, to obtain the
correct response for point row angles like 20° or less, a control feedback mechanisnfagtara

response tine and higher resolution is required to properly manage nozzle flow rate.
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Figure 5.9. Nozzle CV and off-rate (OR) for 20° point row ABC scenario with flow compensation.
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5.4.3 AUTGNOZZLE20°AND70°POINT ROWSWITHOUT FLOW COMPENEIN
For20° and 70Point rows, te time interval of sending the input signal ém individuahozzle

solenoid was muckhortercompared to 20° autdboom scenario{able5.2). It took a total time 0f2.5
and 18.7sto exit and reenter the 20° and0° point rows, respectivelyThe nozzle flow rate linearly
dropped and rose at 17.7 L/min/s for 2Fidure5.11) and at 2.3 L/min/s for 70F{gure5.12) point
rowsduring exit and reentry. The offite increased from + 3.7% to 28.1th for 20 and 70 point
row tests during exit and decreased during reen8ince the contrbpoint wasat eachnozzlebody, the
effect of shutting OFF of each nozzle solenoid was almost immediaisresultwas expected since for
each nozzle solenoid shut OFF had an associated small volumetric ¢hdgke/min)n the system
flow rate. Ths volumepartially contributed toincreasen nozzleoff-rate, until the nozzle flow rate
reached its maximum capacity

The nozzle uniformity had short duration spikes up to 65.0% during point row reentry and was
shorter in duration as compared to ABC. These high CVs were attributed to nozzle solenoid activation
times (< 100 ms) to stabilize during reentry. There wouldabtie 37 such spikes had there been a
pressure sensor at all 37 nozzléke high nozzle CVs are missing when exiting because once a nozzle
section was OFF that section was excluded from analysis and nozzle flow rate in the remaining ON
sections acrosshe boom increased instantaneouskhe system behaviavas $milar to auto-boom
tests with necompensation Figure5.8 and Figureb.12) though the linear rise and fall in nozzle flow
rate using nozzle control can result in more capplication, both during exit and reentry into point

rows.
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5.5 SUMMARY
This study highlighted the control system response and extent of nozalatefivhen using ASC in

point rows. The control system response time to manage nozzle flow rate (settling time) was higher than
expected especially during reentry of thE Boom-section. Also, for point row angle of 20° the control
system did not respond fast enough to manage nozel& fate with changing boorsection

configuration. During autenozzleteststhe nozzleoff-rate increased for each nozzéxiting and
reenteringpoint rows. Since the nozzle to nozzle spacingh@sprayer was 0.51 m, the nozzkested

and reenteredpoint rows much faster than boorsections having 6:fh width. The nozzle offate

response from autanozzle tests suggested that with increasing demand on decreasing application
resolution, control systems with response times faster than section turningGDS required to

minimize application errors. One overriding results is that as the point row angles decrease so does the
demand on the control system to respond quicker. However, at some point, the response demand is
too high or unrealistic and it migie better for the control system to loekhead to its final control

point during ASC activation versus trying to provide-teaé flow adjustment. We do recognize that

field operation will present entirely different scenarios and demands on sprayeratgathnology.

However, this study does highlight limitations that need to be considered for sprayer control and

technology design to ultimately minimize atite errors and spray efficacy.

5.6 CONCLUSIONS
The following conclusions were drawn from this study

e For auteboom control tests with flow compensation, nozzle flow rate settling time varied
from 0.4 to 14.4 s for 70° point rows. For 20° point rows, the time of switching boom
sections OFF/ON occurred too abruptly for the control system to respondrimedyt

fashion. However, the nozzle flow settletl3.0 s once all three boosections were ON
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for the 20° tests. Extended nozzle flow settling times indicated that longitudinal (direction of
travel) offrate errors can occur for an unexpectedly higheripeof time during point row

operation than expected.

Nozzle offrate varied between36.6% and 10.7% for the 70° point row admom tests

with flow compensation; both exiting and reentering point rows. System dynamics were
different betweenexitingversis reentry of point rows for all tests. Ovapplication
occurred for roughly 12.0 s when exiting whereas uralgplication resulted for 13.0 s

during reentry for the ASC system tested.

The necompensation tests showed that nozzle flow settled quickly {®2.0 s) but
resulted in overapplication errors up to 21.3% for aubmom and 28.7% for autnozzle
control tests. Therefore, control system response with compensation was distinctly different

from no-compensation.

Nozzle uniformity (CVs) were within “Qhowever spikes in CVs greater than +50%
occurred for a short duration (< 1.0 s) during point row reentry for both dogtom both

during compensation and nRoompensation tests and autioozzle control tests.

Similar to other spray technologies, ASC Wlithv compensation managed nozzle flow rate

and offrate, but under the limitation of the control system response time. The control
system can be modified to provide a level of improved response and for other situations like
20° point rows, by deploying adk ahead feature to control final point during ASC to

minimize offrate errors.
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CHAPTER 6
EFFECT OF AGRICULTURAL SPRAYER FLOW CONTROL HARDWARE ON NOzzLE RESPONSE

6.1 ABSTRACT
Modern rate controllers along with technologies such as automatic sectioima@ASC) can improve

in-field input use efficiency while preventing detrimental effect of unwanted spray application in areas
such as grassed waterways or other environmental structures. However, the understanding of product
(liquid) dynamics within thboom plumbing on offate and application uniformity during rate control

and ASC actuation is limited. Therefore, a study was conducted to compare nozzle flow stability and
uniformity across the boom when using two boomway and metered dvay) and two fhw regulating
(butterfly and ball) valves combinations. Tests were conducted using a 18.3 m sprayer with boom
section control. Pressure transducers were mounted at 1) the boom manifold, 2) randomly at 12 nozzle
bodies across the spray boom and, 3) upstresard downstream of the flow regulating valve. Effective
system flow rate was measured using two flow meter(s), one located upstream of the boom control
valves (2wvay or metered 3vay) and another mounted to measure the tank return flow for the metered
3way boom val ve. Measured nozzle pressure was conyv
pressureflow data. Results indicated that thev?ay boom valve response was significantly different as
compared to metered 3vay valve. Differences were also icalied by the damping ratios when exiting
(underdamped) and reentering (ovetamped) spray zones. For the metere8y boom valve
configuration, the nozzle flow settled faster (0.1 to 4.2 s) generating negligibtateferrors whereas

the 2-way boom vale configuration took up to 34.3 s to settle with -ofite errors between 3.3% and
11.5%. The delayed nozzle flow settling times were associated with pressure settling (0.7 to 31.4 s)

downstream of the regulating valve for thewZay configuration. Groundpged and point row angle
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impacted nozzle flow settling times and -ofite errors. The increase in ground speed and point row

angle increased nozzle flow settling time for thev&y valve setup, except that acceleration decreased
settling times when exitingpray zones. The delayed response contributed toatt# time which

decreased as the sprayer accelerated and point row angle decreased for botiwiine 1.7 s to 19.3 s)

and metered 3way (2.1 to 4.4 s) boom valves setups. Further, the varied noarleséttling times using

the butterfly (1.0 to 23.7 s) and fast (0.4 to 15.6 s) regulating valves indicated that one valve calibration

number (VCN) may not apply to all sprayer configurations and field operations.

6.2 INTRODUCTION
Crop production costs havacreased drastically in recent years due to rising input prices including

nutrients and pesticideS hese escalating input costalong withglobal competitiveness in food prices
require producers to not onlytilize equipment with higheproductivityand efficiencybut also include
control systemdo accurately applgrop inputs. Recentj\selfpropelled agriculture sprayers have grown
in size withnominalboom widthsof 27 or 39 mwith operating groundspeedsnearing32 km h*. These
large sprayers arbeing adopted by farmers to cover more area in less time in order to complete
spraying activities in a timely fashion

Presentlya typicalagricultural sprayer used for crop productibas two basicomponents
hardwareanda rate control system. The sayer hardware consists oftank, pump, hosespossibly
tubing, nozzlesfittingsand otherrequired plumbing. Theate control systemincludesflow control
hardwaresuch as a regulating valMeedback mechanisms (e.g. flow meter(s) and ground speed
sensa), microprocessor based controller and software which contains the control algorithm(s). These
spray controllers typically either utilizeground speed radar (Tompkins et.al., 1985a giobal
positioning system (GPS) receiver to monitor ground speedegulate system flomecessaryor that

ground speed. Therefore, as ground speed changes, the rate controller adjusts the system flow to
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maintain the set target rate (L H The system flow rate or application rate is managed through some
type of flowcontrol configuration whichs typically comprisd of hardware like an inline flow meter,
flow regulating valve and booshut-off valves.Today, acontrol systemnutilizingGPSnd section control
capabilities camutomatically turn booravalves and therebgectionsONor OFFRndependently The
flow control system with such automatic section control (ASC) capabilities promptly turns s&ahidms
areas designated for spraying a@dFHn previously sprayed regions or regions requiring no application.
In thiscase applicationoverlap is reduced across the field. Luck et al. (2010a) reportedHbatse of
ASC instead of manual control of bo@®ctions has helped producers reduce the eapplication area
from 12.4%downto 6.2%. Further, use of ASC technglog efficiently manage boom sections can
potentially result in 15.2% to 17.5% reduction in sprayed area (Luck et al., 28284y providing
savings on inputs.

However, during field operation, the accuracy of an agricultural sprayer is inversely fioopbto
the reaction time of a flow control configuration to dynamicaltjjust to thetarget system flow
(Anglund and Ayers, 2003). Therefore, intended application accuracgpriyedepends on the timely
response of all the feedbadk.g. flow meteyand control hardwarend software Rietz et.al.(1997)
reported that control systems tend to ovapray when turning sectior®@Nand OFFwhile one boom
section remain©N A control system using a regulating valve and@y boom valves famplementing
ASC can also impact boom dynamics and nozzle pressure response during ASC actuation. Sharda et al.
(2010a) reported nozzle pressure variations ranging from 6.7% to 20.0% during ASC actuation which
equated to an increase of 3.7% to 10.6% in nozzle floditiddally, they found nozzle pressure
stabilization times approached 25.2 s &rautomatic boomsection controkystem using 2vay boom
valves Bennur and Taylg2010 reported that the control system can have a unique minimum response

time for each fbw configuration to maintain optimum performancEurther, during field operation the
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demand on the flow control configuration can be unexpectedly high esperially irregularly shaped
field due to frequent ground speed and ASC actuations. For thesechaditions, wzzle offrate errors
beyond +10%an occur foapproximately 60% of the time (Sharda et al., 201Blowever, acording to
the guide for commercial applicators (USEPA and USDA, 1975) and Rietz et.als(ita9&js are
expected to bewithin £5% of the recommended target rate.

Among the flow control hardware, the boom valve is of particular importance.gemeraltypes of
boom shut-off valvesexists;2-way ON OFF or 3waywhich includes return lineback to tank. These
boom valves pdorm the simple function of turning boorsectionsONand OFFout handle liquid flow in
different ways Twoway boom valves are the most popular in the UMds valve has one inlet and one
outlet i.e. product flows to the boorsection in theon-state whereas it stops in theff-state. Since the
excess flow has no outlet for the edfate, the product intended for the section turn€aFHs
momentarily transferred to those sections s@N(Sharda et.al., 2010a). During this transient time the
controller adysts the system flow rate, normally through eatine regulating valve or vaingthe pump
speed via a hydraulic valv® the desired target rateThe regulating valve response time and
characteristics are dictated by selecting a valve calibration nuf\l@N) which is programmed by the
operator in the control system. During ASC actuation and ground speed changes, the control system
uses feedback from the inline flow meter and controls the system flow rate via the regulating valve or
pump speed to maintaithe target application rate. The system thereby automatically implements flow
compensation. Therefore, system flow rate management during ASC actuation usingréyebidom
valve configuration will largely depend on the interaction between flow metertiaell,the regulating
valve and controller response.

On the contrarythe 3:wayboomvalve has one inleindtwo outlets. One outlet geesto the boomt

sectionwhile the £cond is connecteduch that itreturns flow to tank. When the 3vay boom valve is in
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the on-state, product flows from the pump to the boorsection whereas in theff-state productis
redirectedback to tankSnce this flow configuration does not require a flow meter and regulating valve
for flow rate management when actuating ASC, th&e8/ boom valve should return treguivalentflow
from the OFFboom-sections back to the tank without affecting pressure in the remaifihgections A
metered 3way boom valve is a specific type efv@y valvethat has an integrated user adjustable
bypasdlial to redirect the product flow of the boorsection turnedOFFback to tank(Teejet, 2011).
Once calibrated, the metered product is returned to tank when irstdfe. Therefore, during ASC
actuation the boorvalvespermitsa constant pressure to be nained regardless of the boom valve
state (on or off) However, a metered-&ay boom valve setup still requires flow feedback to the
controller to properly manage system fldar sprayer acceleration or deceleration

With a projected U.S. spending of $2billion on pesticides in 2011 (USDA, 2010), the use of modern
spray technology can provide tremendous input savinbe increasng operators productivity.
However, flow control configuration responsme to timely manage system flow rate criticalfor
application accuracyT herefore, the objectives of this study were to 1) compare and contrast the
performance of 2vay and metered dvay boom valve configuration on overall application accuracy,
and 2) evaluate the effect of flow regulating valveduding valve calibration number on nozzle flow

response during ASC actuation.

6.3 MATERIALS AND METHODS

6.3.1 SPRAYERNDFLOW CONTROL SYSTEM
Athree-point hitch mountedagricultural spraypoom (Schaberndustries Columbus, NE, UPAith a

18.3 m swath width sengeas the platform for conducting this study. The sprayer was operated in a
static position using water. It utilizedc@ntrifugal pmp (FMG150-HYDB206, ACE Pumps Corp.,
Memphis, TN, USA) that whgdraulically driveroy a tractor 6420,Deere and Compani¥oline, IL

USA). The drpoom setup was divided into three sections with plumbing and identification provided in
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Figure6.1. Turbo Teejeflat spraynozzles (TeeJefT TI11003 Spraying System Co., Wheaton, IL, USA)
wereused for these experiments

A commercially availablRaven Vipe® spray controller was also uséar the two flow control
configurationsFlow control configuratiorl used a turbinetype flow meter (RM-60P, Raven Ind., Sioux
Falls, SD, US&).54cm butterfly typeregulating valvég 0630171120, Raven Ind., Sioux Falls, SD, USA)
to adjustoverall system flow rate an@-way boom valves (063-0172-330, Raven Ind., Sioux Falls, SD,
USA) taurn ONor OFFRlow to each of the three boorsections Figure6.1). The initial setup used a

valve calibration number (VCN) of 2123 for the regulating valve as suggestechiratileu f act ur er ' s
product literature Table6.1). An auxiliary flow meter (FM) (FFL6-NEXWLEGS, FlowTechnology Inc.,
Tempe, AZ, USA) withd3ms response time, 0606 accuracy and 0 to 227 L thineasurement range

was installed downstream of the regulating valve. The auxiliary flow meter was used to measure overall

system flow rate.

Table 6.1. Definition of the 4-digit valve control number (VCN) for each flow regulating valve.

Digit Parameter Control characteristic Butterfly valve Fast valve

Controlsthe time of the first correction pulse

1st Valve after it detects whether to increase or decreas L(short pulse) to 9 (long 0-No
Backlash pulse) pulse
the target flow
2nd  Valve Speed Controlsthe speed ofesponse 1 (slow) to 9 (fast) 0 (fasfto 9

(slow)

Controls at what percemigeaway from target
3rd Brake Point rate, thevalvestartsslowing down before
adjusting to the target rate

Determines theallowable difference between Value betweerl and9 where 1 = 1%
target and actual application rate and 9 = 9%.

Value betweerD to 9 where 0 = 5%, 1
10% and 9 = 90%

4th DeadBand
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Figure 6.1. Sprayer configuration and plumbing for the 2-way and metered 3-way boom valve configuration. Each nozzle
location, represented by triangles, was numbered between 1 and 37 from left to right. Four pressure transducers were
mounted within each boom-section as represented by the solid black triangles. Note the addition of the bypass line and
second flow meter (FM-2) in the metered 3-way boom valve setup (within the dashed line).

Flow control configuratiot2 consisted of replacing the\#ay boom valves with meteredw8ay boom
valves (Model D830EG3, Teejet Technologies, Wheaton, IL, USéure6.1). The 3way boom valves
utilized an adjustable bypasmechanisnto matchthe pressure to a boorsection Thebypased
productwasreturned to tank when the boorsectionwasturned OFF Since this setupid not require
rate adjustment when turning sectio@Nand OFF the flow regulating valve and flow meter were not
used during flow control configuratie® tests. System flow or pr@etermined target pressure was set
prior to initiating a test and thereby not adjusted @ma test was initiated. Proper setup procedures of
these boom valves included setting the dials inititdlyhe "zero"positionwhen all sections were
turned ONto spray at the desired target system pressudme section was then turnedFFand the
bypass diabf the corresponding sean adjusted until theintended target system pressuwmeas
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achievedagain. The same procedure was followed for the other two boom valves as outlined in the
manufacturer’s | iter at udurmgtheseTests, mseosddlowenetertt by pas s
(FF1L6-NEXWLEGSH, Flow Technology Inc., Tempe, AZ, USA) was placed in the bypass line between the
metered 3way boom valves and tankifure6.1). The difference in flow between FlMand FM2 was

then used to determine the effective system flow rate at any point in time during a test.

6.3.2 DATAACQUISITION
Thin film pressure transduce(4502 B8IEZ 100 PSI BCB Piezotronécinc. Depew, NY, USA) were

used to measure nozzle presswiel2 nozzlelocations across the spray boofigure6.1). Stated
specifications of the pressure transdusavere a measurement range of 0 to 689.5 kPa with a reported
accuracy of < 0.25% full scale and a response tim
at the boom valves to collect overall system pressure. This location was the same ashehanalbg
pressure sensor, providing feedback to the operator, was connected. One pressure transducer was also
mounted immediately upstream and another downstream of the regulating valve to measure the
pressure drop across the valeidure6.1). The analog signals from the pressure transducers, three

boom valves and flow meters were sampled using two analog input mo(R224, National

Instrument, Austin, TX, USAhe boomsections were turne@FFand ONusing an input signal from

digital output moduleg9476, National Instruments, Austin, TX, USAE digital output signals

controlling each boom valveii and off state) was accomplished usiimput/output modules 70G

ODCI15, Grayhill Inc., La Grange, IL, US#khgram in LabVIEW (version 8.6) was developaddord

the control and data acquisition aspects which included writing all data to a *. TXT file at a 40 Hz

sampling frequency.
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6.3.3 EXPERIMENTADESIGN

6.3.3.1 Boom-valve tests

Flow control configuratiorl and-2 were used to evaluate nozzle flow stability and response across
the boom when using ASGf poom-sectiors) during typical field scenarios. Tests were conducted
simulating sprayer ASC actuation wheiting and reentering point rows at three angles; 20°, 45° and
70°(Figure6.2). The three angles were selected to represent high, moderate and low point row
inciden@ angles tymally encounteredvithin Alabamaields Different ground speeds of 9.6, 12.1 and

16.1 km H were also selected as treatments while a uniform target rate of 112.1' wha

programmed into the contr ol |susedtosidghitythedplayerse t est s,

transitioning from a spray zonetoa4#opr ay zone (e.g. entering the

moving back into the spray zone. All tests were replicated three times making 27 total tests for each
configuration. Theedf-test feature available in the rate controller was used to simulate the desired
ground speed. All tests for flow control configuratibwere conducted withthe controllersetup in the
flow compensatiormode. The system was initially set to spray 11zhatat 16.1 km H and for all
subsequent tests only ground speed in the $edt optionwasadjusted. For flow control configuratien
2, the target system pressure corresponding to each speed and application rate during flow control
configurationl wascalculated and set for the sprayer before each t@stlfle6.2). The theoretical time
required toactuateeach boomsectionwhen exiting and reentering spray zongas calculated based
on ground speedboom-section width and point row angld &ble6.2). A LabVIEWprogram (v. 8.6) was
used toautomaticallycontrol theon and off state of theboom valveghereby simulating exiting and
reentering point rowsThe program used suitable time dgb to allowthe spraysystemto stabilize

before initiating and terminating a tesFigure6.3).
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Figure 6.2. lllustration of sprayer exiting point rows.

Table 6.2. Computed timing and target rate (system flow) for 112.1 L ha™ application rate to simulate exiting and
reentering 20°, 45° and 70° point row angles for flow control configurations using the 2-way and metered 3-way boom
valves. Note, section 2 has one additional nozzle versus sections 1 and 3 therefore required different timing and rate for

these point row scenarios.

Point  Ground System Sections 1 and 3 Section 2
row speed Pressure  Time Rate Time Rate
angle  (kmh™) (kPa) (sec) (Lmin™) (sec) (Lmin™)
9.6 180.0 0.8 11.0 0.9 12.1
20° 12.1 275.0 0.7 13.7 0.7 14.9
16.1 450.0 0.5 18.4 0.5 20.0
9.6 180.0 23 11.0 25 12.1
45° 12.1 275.0 1.8 13.7 2.0 14.9
16.1 450.0 14 18.4 15 20.0
9.6 180.0 6.2 11.0 6.8 12.1
70° 12.1 275.0 5.0 13.7 5.4 14.9
16.1 450.0 38 18.4 41 20.0

110



‘ Inputtheboom-sectionoff and on time; sampling rate; file name and; initiate LabVIEW program ‘

N
‘ Inputsignal turned all boom-sections on and start reading and writing data to text file

NS
‘ Spray system operated for 60 s allowing it to stabilize

S
Boom-sections sequentially turned off based on programmed timing (exiting)

SZ
‘ 30s timedelay once all sections off ‘

S
‘ Boom-sections 1 through 3 turned back on simulating reentry into spray zone

SZ
‘ 60 s delay for spaying system to stabilize once all sections on

SZ

Test terminated and datasavedto a *.txt file

Figure 6.3. Data collection procedure for the LabVIEW program.

6.3.3.2 Regulating valve tests

Flow control configuratiofl tests consisted of using both the butterfly and fast ball flow regulating
valves. For test involving the fast valve, the butterfly valve in flow control configurdtias replaced
with a fast lall regulating valveModel No. 063171-265, Raven Ind., Sioux Falls, SD, WSip an
initial VCN 0743. Two VCNs, 2123 and 2213, for the butterfly valve along with five, 0633, 0643, 0713,
0723 and 0743, for the fast ball valve were selected. The \mlgklash (T digit) and dead band {4
digit) valves were kept the same for all tests. For the butterfly valve, VCN 2123 was initially selected
since recommended by the manufacturer and a second VCN 2213 which increased the valve speed by
one digit and dereased the break point from 20% to 10% was selected for comparing the response to
the standard VCN. The manufacturer recommended VCN for the fast ball valve was 0743. The valve was
set at a GFC (Fast close) valve settling within the rate controller.other four VCNs were selected by
increasing the valve speed by one digit and selecting break point digits of 1, 2, 3, and 4 allowing
evaluation of the regulating valve response during different tests. Tests were conducted by turning one
(1BS) or two consetive (2BS) boorsection(s)OFFand then backON Additional tests were also
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conducted to quantify the regulating valve response to sprayer acceleration and increase in target rate.
For the acceleration tests, the controller was set to spray at a 84.2 tatget rate with the ground

speed changed from 9.7 to 16.1 k. The target rate increase tests were conducted by increasing the
rate from 74.8 to 140.3 L Havhile maintaining a ground speed of 9.6 kh iAll the boomsections

were turnedONand alowed to run for 60 s prior to conducting a test allowing the operating conditions

within the plumbing to stabilize.

6.3.4 DATAANALYSES
Measured nozzle pressure was converted to flow by fitdisgcond order polynomial regression line

(Equation 6.Jtothemanuf act ur er ' s r e pflow data @eejetp2008). Nozzterfl@vavasu r e
only calculated for those bootsections which were operating in tloa-state during a test. A MATLAB
program was developed and used to compute the initial nozzle pressure, lag time, peak nozzle pressure,
final nozzle pressure, percent nozzle pressure overshaohping ratio(), nozzle flow settling timeN~

ST), systemdiv settling time (SIST), nozzle pressure drain time, boom valve input sQR#ONtime,

and pressure drop across the butterflsgulating valve

Nozzle flow = —2 1075 (pressure?) + 0.0059(pressure) + 0.1003 (R2 = 0.999) (Equation 6.1)

The percent difference between actual accumulated nozzle flow and target system flow was
calculated and termed, nozzle etite. The damping ratio wasparameter usedo describehow the
nozzle pressurescillated as the response decays towards steady sttite a boomsection was turned
ONor OFFThenozzle and system flogettling timesrepresented theime difference between a change
in flow rate (£%)from the initialstable value to the time when it finally settled and stayed withifra2
of final flow rate after the boonsection(s) was turne@FFor backON For the boorrvalve tests, off
rate time (ORT) was calculated for exiting and reenteringstitay zones. The ORharacterizedhe
total time for which the nozzle offate was beyond +5% of the target. Flow rate error (FRE) was

calculated for the regulating valve tests. FRE represented the difference in the accumulated nozzle flow
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and system flovat any time stamp during a tegtorillustrations flow data from only one nozzle within
a boomsection was selected

An analysis of variance (ANOVA) was conducted i&#tistical Analysis System software (SAS
Institute, Inc.NC, USA) using ti&eneral Linear Model (3Vl) procedureto ascertain if statistical
differences existed between the different boom and regulating valves based on the mean values of
nozzle offrate and flow settling time. A5% confidence intervaltas used for these comparisonsekhs
for different parameters were calculated using the GLM procedure and multiple comparisonsSaf, NF

damping ratio ORTand total ORTfor all tests were conducted using the Tuldesamer procedure.

6.4 RESULTS AND DISCUSSION

6.4.1 BOOM VALVE TESTS
The nozzle flow response for theny (flow control configuratiorl) and metered 3vay (flow

control configuration2) boom valve tests are presentedTiable6.3 and Table6.4; along withFigure

6.4. The nozzle flow did not stabilize fbow control configurationl at 20° point row with nozzle off

rate errors beyond +5%hen exitingthe spray zone aall threeground speedd-or 45° and 70° point
row angles, nozzle flow settling time for theny valve varied between 0.7 and 1.Wlisen exitng

spray zones. For reentry, the nozzle flow settled between 13.4 and 34.3 s aftéf bmBrsection was
in the spray zon€T@able6.4). The NFSTs decreased as thyeound speed increased when exiting,
whereas for reentry it increased with ground speed (thereby target system flow) and also point row
angle. The longer settling times for reentering spray zones suggests slow response while pressurizing the
system and ajisting to the target nozzle flowr{gure6.5). These extended nozzle flow settling time
using the 2way valves was associated with pressure stabilization downstréahe segulating valve
which varied from 0.7 to 31.4 s for different testhichdemonstrated that the valves response time is

critical when managing nozzle flow.
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Table 6.3. Summary of nozzle flow response and pressure damping ratio ({) when exiting a spray zone.

[a]

Booms OFF
182
Speed OR  NF-ST ORT OR  NF-ST ORT  Total ORT

Angle Valve (km h™) (%) (sec) [4 (sec) (%) (sec) 4 (sec) (sec)

9.6 - # - - - # - 0.8 0.8

2-way 121 - # - - - # - 0.6° 0.6

. 16.1 - # - - ; # - oF 0.3
20 9.6 - # - - - # - - -
3way 12.1 - # - - - # - - -
16.1 ] # ) ) ) # ] ) ;

9.6 3 13 06 06 43 16 05 11° 1.7

2way 121 63 08 07 1.2 115 09 07 18° 3.0

. 161 61 07° 08 07 103 07° 08 14 2.1
= 9.6 0.6 0.5 - - 01 05 - - -
3way 121 10 0.2° - - 0. 05 - - -
161 1.3 od - - 0.7 o5 - - -

9.6 3 13 06 06 52 1.7 05 40® 4.6

2way 121 62 08 07 47 115 09 07 50 9.6

. 161 62 o7 08 33 101 08 07 37 7.0
0 9.6 0.9 o4 - - 00 06 - - -
3way 121 13 0.7 - - 0% 05 - - -
161 1.3 od - - 06 05 - - -

[a] OR=offrate, NFSEnozzle flow rate settling time)RFoff-rate time, and TotaDRFtotal off-rate time ORT 1boomOFF+ORT 1&2 boomOFf. Within columns, means followelly the same letter are not

statistically different at the 95% confidence level.

#-nozzle flow did not varied beyone% of initial value.
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Table 6.4. Summary of mean nozzle flow response and pressure damping ratio ({) when reentering a spray zone."

-------------- Booms ON ----------eounue
B N 1,283 -
Speed NF-ST Total ORT
Angle Valve (km h'l) ORT (sec) ORT (sec) (sec) ORT (sec) (sec)
9.6 0.9 0.8 13.¢ 10.1*° 11.8
2-way 12.1 0.7 0.6% 23.4 7.7 8.5
o0 16.1 0.5° 0.4° 18.7 0.9 1.8
9.6 0.8 0.8 4.2 1.7 2.8
3-way 12.1 0.7 0.7% 3.29 1.6 3.0
16.1 0.5° 0.5% 1.2 1.1° 2.1
9.6 2.4 23 13.4 0.8"° 15.1
2-way 12.1 2.0 1.5 28.0° 8.9 12.3
45° 16.1 15 0.6% 31.8 4.3 6.3
9.6 0.9 0.9% 3.29 1.7 3.0
3-way 12.1 1.9 0.8% 2.79 1.3 4.0
16.1 0.8 0.8% 1.0° 1.1° 2.7
9.6 3.7 5.3 14.6 10.3 19.3
2-way 12.1 5.4 2.3 28.3 8.2" 15.8
20° 16.1 4.0 0.5% 3.3 4.4 9.0
9.6 0.9 1.0 35 1.4 3.3
3-way 12.1 2.4 0.8% 1.1° 1.7 4.4
16.1 0.9 0.8% 0.9° 1.1° 2.8

[a] ORFoff-rate time ;NFSFnozzle flow settling timeand TotalORFTotalOFFrate time ORTL boomON+ORTL&2 boomON+ORT 1, 2 & 3 boon©ON. Within columns, meanfollowed by the same letter are not

statistically different at the 95% confidence level.

The nozzle pressure damping ratio varied from 0.5 tae@t8biting a second order undelamped
systemwhen exiting he spray zone. The higher damping ratio corresponds to smaller oscillations within
the system plumbing and faster system stabilization. The lower damping ratio (0.5) therefore explained
the higher settling time (1.3 s) for the 9.6 km tiest. The dampingatio increased with increase in
ground speed but the point row angle did not impact the damping ratio when exiting. The system
response was a second orderoea mped response ({ >1) during reent

pressure did not oscillatduring transient response.
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The nozzle flow for the-&ay boom valve setup settled relatively quick but generateetaté
between 3.3% and 11.5% when exitsray zonesThe nozzle offate increased between turning one
and two boomsections (ASC actuah) off when exiting. Also, for both 45° and 70° point row angles,
the 2 higher speeds generated affte errors above 10%. During reentry to spray zones, the nozzle off
rate was within £5% only after all three boesections were in the spray zones. THRTY0.6 to 5.0 s)
for 2-way boom valve increased with speed, except that the ORT was highest at 1271 \ireh
exiting spray zonegure6.5). The total ORT wheaxiting varied from 1.7 to 9.6 s and was highest (9.6
s) at 12.1 km fhat 70° angle of incidenc&igure6.6). The total ORTor reentry highlighted that nozzle
off-rate error occurred from 1.8 to 19.3 s, which increased with both ground speed and point row angle
(Figureb.7).

The nozzle flow did not settle for the 20° point row when exiting a spray zone, whereas for 45° and
70° point rows nozzle flow settled within 0.%T&ble6.3) for the metered 3way valve [Eigure6.4).
Nozzle pressure spikes were observed when bsegtions were turned OFF but lasted for a short
duration (< 0.04 s)The nozzle offate error was negligible with nozzle flow always within £5% of the
target rate. Therefore, the metered®ay valve did not generate an ORT when exiting spray zones
(Figure6.4 and Figure6.5). During spray zone reentry, nozzle flow settled between 0.9 and 4.2 s but only
after all three boomsections were completely in the spray zone and all sections turned ameg.4).
The nozzle ORT for the metereahv@y valve was estimated bgeen 0.5 and 1.5 s and the total ORT
from 2.1 to 4.4 s when reentering. The nozzle flow settling time was comparable when exiting but it
decreased with ground speed and point row angle when spray zone reentry. The total ORT when
reentering decreased witlmcrease in ground speed but increased at higher point row angles, except

that it was highest at 12.1 kmhground speed for all three point row angldéddure6.6 and Figure6.7).
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Figure 6.4. Nozzle flow response for the 2-way and metered 3-way boom valves when exiting and reentering 70 degree

point rows at 12.1 km h? ground speed and 112.1 L ha™ application rate.
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Figure 6.5. Pressure downstream of the regulating valve and nozzle off-rate for the 2-way and metered 3-way boom valve
configurations when exiting and reentering 70 degree point rows at 12.1 km h* ground speed and 112.1 L ha™ application

rate.
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Figure 6.6. Total nozzle off-rate time at different ground speeds and point row angles for the 2-way boom valve

configurations when exiting a spray zone.
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configurations when reentering a spray zone.
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Overall, results indicated that there was a distinct difference betwearag and metered 3vay
valve setups on nozzle flow response during ASC actuation. The time for consegativedetions to
exit and reenter a spray zone was less than one setmmitie 20° point row tests. Therefore, very short
ON or OFF times highlighted response time limitations of a control system under certain operating
conditions in managing nozzle flamithin acceptable limits. For 45° and 70° point rows, the nozzle flow
remained stable and settled significantly quick€alfle6.3 and Table6.4) resulting in short ORTs when
using the metered 3vay valve setugFigure6.5). These results suggested thanergy transfer during
ASC actuatiofor the boom-sectionsremaining ONvas much lower when using meteredagy valves
as compared t@ 2-way valvesetup. Although the metered dvay valve maintained nozzle stability
during ASQt is suitable for tank mix applications. The boealves on the current agricultural sprayers
are plumbed close to each boegection. Therefore installing av@ay will require additional hoses and
plumbing to direct the flow back to the tank. The additdplumbing can thereby add weight on
existing sprayers. Therefore, metereeh@y valve configuration poses different kind of challenges and
requires U.S. operators accept this altered setup. Also the bypass dials on each boom valve was
calibrated for seting a target system pressure by observing an analog pressure gauge requiring the
operator to conduct the proper calibration procedure. The difference in nozzle flow response between
flow control configuratioAl and flow control configuratio was expectedince no rate change was
required by the controller for flow control configuratieh Interestingly, both flow control
configurations generated distinct nozzle flow response at different ground speed and/or point row angle

(Table6.3 and Table6.4).
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Table 6.5. ANOVA results for nozzle flow settling time and off-rate during 2-way and metered 3-way tests at 45 and 70

degree point row angles®.

Source Degrees of Freedom Sum of Squares P-value
NRST 1BoomOFF 11 6.58 <.0001
OR 1BoomOFF 11 396.18 <.0001
NRST 2BoomsOFF 11 5.89 <.0001
OR 2BoomsOFF 11 889.81 <.0001
(1-BoomOFF 5 0.08 <.0001
(2-BoomsOFF 5 0.25 <.0001
ORT1-BoomON 17 98.45 <.0001
ORT2-BoomsON 17 69.35 <.0001
NFRST 3BoomsON 17 7312.80 <.0001
ORT3-BoomsON 17 721.77 <.0001

[a]ORzoﬁrate; ST=settling time\|FST 10ff=nozzle flow rate settling time for one bodFFE OR 10ff©FFrate for one boonOFE NFST

20FEnozzle flow settling time for two boonBFE OR 2GFoff-rate for two boomsOFE NFST ®N=nozzle flow settling time for three booms

ON OR 30I=off-rate for three boom<ON

6.4.2 REGULATIN®/ALVE TESTS
The nozzle and system flow settling time for the two regulating valves, when using different VCNs, are

presented inTable6.6 through Table6.8. The nozzle and system flow during 1BS and 2BS test using the
fag ball valve settled between 0.3 and 1.0 s seconds but exhibited a 3.2 to 8.1% nozate afid 1.2

to 7.4% FRE when turning sectiddBF The system and nozzle flow settling time varied between 0.4 s
and 2.9 s when the sections were turned b&dkwhile nozzle offrate was within £2%T{able6.6).

During acceleration and the target rate change tests, the system flow took between 1.3 and 21.7 s to
settle whereas the nozzle required 2.4 to 19.2 s to finally sefitble6.8). Flow control configuratioit

using the butterfly regulating valve settled nozzle and sydtem between 0.7 and 25.2 s during boom
control and from 3.8 to 20.4 s during speed and application rate change tests. The ncrate dffring
these tests varied from 3.9 to 8.5% but the FRE was between 1.8 to 14.6%. The difference in nozzle flow
settling times indicated that the ball valve responded faster as compared to butterfly valve, which was
expected Figure6.8). The nozzle offate was slightly higher than the FRE for all VCNSs for both

regulating valves. The nozzle-ofte and FRE values indicated that a difference existed between the
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flow meter readings and actual nozzle flow rate during control system response for different tests. The
actual system flow rate was within +2% of the target flow rate and since the control system utilized
feedback from the flow meter, the system could not correct BRRE. Therefore, control system

feedback solely based on a flow meter, measuring system flow, appears to be insufficient at times to
accurately identity and manage the actual flow at the nozzle.

The increase in valve speed and decrease in brake point degiteased the nozzle and system flow
settling time during acceleration and target rate change tests. The nozzle flow settling time during
acceleration tests decreased from 19.5 s (0743) to 15.6 s (0643) by changing the speed digit from 7 to 6.
The nozzldlow settling time decreased from 19.2 s (0743) to 3.6 s (0713) by changing the break point
digit from 4 (40%) to 1 (10%) when changing the rate. The fastest system and nozzle flow response
during dynamic speed and application rate change tests occurreshwhing VCN 0713. The flow
settling time decreased when the speed digit was changed from 1 to 2 and break point digit from 2 to 1
for all the tests using the butterfly regulating valvegure6.8). The increase in valve speed and
decrease in break point significantly improved the regulating valve response by decreasing the response
time (e.g. settling time). This result highlighted that the VCN camadinmozzle responséigure6.9).

Finally, no single VCN provided least nozzle flow response time during rate change tests. This suggests
that control system need toudomatically select a VCN which is appropriate for intended nozzle
response.

The operatousually selects ¥ CNas recommendedbor the regulating valveOnce the VCN is
programmed in the controller the operator very rarelyanges itSince the VCllictates the regulating
valve responsehiese tests highlighted that determining VCN number for a specific sprayer
configuration andninimizingspray application errors can be difficult for the operatone future

solution would be the ability of the spray miol system to automatically establish the appropriate VCN
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for a sprayer and its plumbing, nozzles, operator aptitude, and field conditions. In this automatic
establishment (autdgune) of the VCN, the control system would have the capacity to collecboitar

the system response. The system response could be ascertained using the flow meter in combination of
a pressure transducer(s) or other instrumentation. In return it then uses this information to understand
the system and nozzle response and finadl{s the VCN to minimize affite errors. This automatic

selection of the VCN might be helpful for a sprayer sethch uses third party control system. The VCN
could also dynamically change as operating conditions or the response changes. The cdetrol sys

could also have setést procedure which be used during setup and calibration. Theestlinight run

the system at the target application rate and perform a system response test by iteratively selecting
different VCNSs identify which VCN provides tlesired response time.

Table 6.6. Summary of system and nozzle flow for both the butterfly and fast ball valve using different VCNs when 1

boom-section was turned OFF then back ON. !

VCN e 1 Boom OFF ------mmemeemee 1 Boom Back ON
OR  FRE
SF-ST(s) NF-ST(s) (%) (%) SF-ST(s) NF-ST(s)
633 0.3 0.7 3.2 2.9 0.8 0.4
643 0.3 0.6 4.3 2.7 0.8 0.4
713 0.5 0.7 4.4 2.8 0.6 0.4
723 0.5 0.7 3.2 1.2 0.5 0.4
743 0.5 0.8 51 3.2 0.9 0.4
2123 0.7 1.0 5.9 4.1 12.4 11.3
2213 0.7 1.1 3.9 1.8 6.6 9.1

[l SEST=system flow settling timBtRST=nozzle flonettling time; OR=offrate; FRE=flow rate error.
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Table 6.7 Summary of system and nozzle flow results for the flow regulating valves when using different VCNs. Data

represents when 2 boom-sections (1 and 2) are concurrently turned OFF or back ON while section 3 remains ON the entire

[a]

duration.
VCN e 2 Booms OFF ----------—-- 2 Booms Back ON
SFR-ST NF-ST OR FRE
(s) (s) (%) (%) SF-ST (s) NF-ST (s)
633 0.5 1.0 6.0 5.0 1.0 0.6
643 0.7 1.0 7.3 6.9 1.0 0.8
713 1.0 1.0 7.7 7.4 1.2 1.0
723 1.0 1.0 7.1 6.0 2.9 0.7
743 0.6 1.0 8.1 3.1 1.2 2.4
2123 25.2 23.7 8.5 4.3 18.3 16.6
2213 13.6 11.3 7.9 1.0 9.7 11.7

[a]SFSTzsystem flow settling timBtFST=nozzle flonettling time; OR=offrate; FRE=flow rate error.

Table 6.8. Summary of system and nozzle flow response for the regulating valves with different VCNs when accelerating

from 9.7 to 16.1 km h™ or changing the target rate from 74.8 to 140.3 L ha.l”!

--- Acceleration ---- = -l Target Rate Increase -------

SF-ST NF-ST OR FRE SF-ST NF-ST OR FRE
VCN (sec) (sec) (%) (%) (sec) (sec) (%) (%)
633 1.5 2.8 -0.4 -0.1 13.1 13.9 -1.5 0.3
643 15.6 15.1 -1.1 0.0 19.3 18.1 -1.7 -0.8
713 1.3 2.4 -1.0 -0.7 1.8 3.6 -1.2 -0.1
723 2.1 3.4 -0.8 -0.6 14.2 11.2 -0.9 0.3
743 19.5 15.6 -1.6 -1.3 21.7 19.2 -1.4 -0.5
2123 17.2 20.4 -0.1 2.1 9.3 17.4 -0.6 -1.4
2213 15.9 19.8 1.1 0.2 3.8 10.6 2.6 -0.4

[a]SFSTzsystem flow settling timBtFST=nozzle flonettling time; OR=offrate; FRE=flow rate error.
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Figure 6.8. Nozzle flow response for the two regulating valves when using different VCNs. Results represent changing the

target rate from 74.8 to 140.3 L ha™ while maintaining a 9.6 km h'lground speed.
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Figure 6.9. Nozzle flow settling time for system rate changes during 1-boom OFF to all booms back ON (13.7 Lpm), 2-
booms OFF to all booms back ON (28.6 Lpm), response to acceleration (18.2 Lpm) and target rate change (19.9 Lpm) tests for

different fast ball valve and butterfly VCNs.
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6.5 CONCLUSIONS
The 2way and metered dvay boom valves impacted nozzle response significantly different.

For the 2way boom valve setup, damping ratios increased with ground speed and were different
between exing (underdamped) and reentering (ovetamped) a spray zone at every incident angle
whereas the metered -8vay valve did not exhibit any transient change in nozzle pressure.

The metered 3vay boom valve configuration generated quicker nozzle flow sgttime (0.1 to 4.2 s)

plus negligible offate errors as compared to the\ay boom valve setup which took up to 34.3 s to
settle nozzle flow with offate errors between 3.3% and 11.5%. The delayed nozzle flow settling times
were associated with pressueettling (0.7 to 31.4 s) downstream of the regulating valve for theag
tests.

The nozzle flow settling time for thev2ay boom valve decreased as ground speed increased
while exiting a spray zone whereas it increased with ground speed when reerdesimgy zone; except
for a ground speed increase from 12.1 to 16.1 kph at a 20° point row. For the meterag Boom
valve, ground speed did not impact nozzle flow settling when exiting but decreased as ground speed
increased while reentering spray zon€sr 20° point rows, nozzle flow did not settle when exiting a
spray zone for both the-@ay and 3way metered valve configurations because of control system
response time limitations. The nozzle-odte increased at the two higher speeds for thevdy bam
valves whereas speed did not impact-tdte for the 3way boom valve setup.

The nozzle flow settling time also increased with increase in point row angle from 20° to 70°
both when exiting and reentering (e.g. 18.7 to 34.3 s at 16.1 Knmalspray zone for the®ay boom
valve. Conversely, the\Bay boom valve configuration decreased the nozzle flow settling time with
increase in point row angle when reentering whereas point row angle did not impact the settling time

while exiting a sprayone.

125



Total offrate time decreased as the sprayer accelerated and also with decrease in point row
angle for both the 2vay and metered dvay boom valve setup when exiting and reentering spray
zones. An exception was observed at 12.1 Knfolward speedor the metered 3way boom valve for
which total offrate time was higher than the other two forward speddsall point row angles.
Nozzle flow response during different rate change tests was not optimal for any single VCN for the
regulating valvesAlso, an inconsistency between system and nozzle flow rate suggested that control
system might include some additional feedback, such as nozzle pressure, apart from the current system
flow meter to reduce offate errors. Further, an auttune feature calld be integrated into future

control systems to establish the appropriate VCN while minimizingatéferrors.
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CHAPTER 7
CONCLUSIONS

7.1 GENERAL CONCLUSIONS
The following conclusions were drawn from this research:

1) Both autenozzle and autdboom contiol sprayers resulted in application errors beyarid®% of
the target rates. Offate errors were associated with ASC actuation and machine acceleration and
deceleration during field operation. ASC actuation and ground speed variations altered the target
system flow rate and the system flow settling to a new target depending on the control system response
time. The incidence and magnitude of-offte errors can vary with the shape of the field. For
rectangular fields, the sprayer traveled near a constanespeith all control sections ON and the
machine acceleration, deceleration and/or ASC actuation only occurred at the headlands. On the
contrary, for irregular shaped fields, these machine parameters varied every time the sprayer
approached and departed rgpray zones (e.g grassed waterways and other obstacles) and previously
sprayed areas. These field conditions can place an extensive demand on the control system to respond
quickly. Overall, variation in sprayer ground speed and number of control sectidias OFF during ASC
actuation both during static and field tests resulted in greater uragplication (49% of time) than
over-application (17% of time). Nozzle uniformity (CV) was normally below 10% except for short
durations (0.2 to 0.5 s) when turningmtrol sections ON and OFF. Overall, the static and field testing
provided similar results.

2) The test methodology to record nozzle pressure, system flow rate and input signal to boom valves
established basic techniques to evaluate e, dynamic nozzle response on agricultural sprayers.

Nozzle pressure in the ON sections deviated (up to) 28 the target value when turning boom or

127



nozzle sections OFF and then back ON. Nozzle pressure for bothaartoand autenozzle tests was
higher than the target pressure as control sections were turned OFF but lower when turning control
sections baclON. The nozzle flow stabilized only after all control sections (e.g. full boom) were turned
back ON and required several seconds to finally settle to the target pressure. The system flow rate
settled relatively faster (7.0 s) as compared to nozzle pres@ip to 25.0 s). Additionally the nozzle flow
was always higher (up to 11%) than the overall system flow measured by the flow meter. These results
indicated a differential between the control measurement point (flow meter) and actual point of
application(nozzle) as sections are turned OFF and ON. The nozzle pressure variation was less when
using the flow compensation mode as compared tecompensation. Although the nozzle pressure
settled quicker for necompensation, it was higher (up to 36%) than thiege pressure at all times for
both auto-boom and autenozzle section control testg=inally the difference in nozzle pressure
increase and nozzle pressure response to switching control sections ON and OFF existeddoorauto
and autenozzle control tets. These resulisdicatedthat point of control (boorssectionversus
individualnozzle)can contributetowards boom flow dynamics during section control.

3) The control system response when moving OUT and back INTO point rows was distinctly different.
When moving OUT of point rows, nozzle flow was greater than target rate generatingopization
until all nozzles were turned OFF. Reentry back INTO point rows requiring application resulted in under
application until the final target stabilized oncé mbzzles were turned ON. The response of the control
system when traversing INTO and OUT of point rows was impacted by the angle of inCldhen¢é?
and 20° results indicated that during fiedgeration, the controller can practically manage nozzle flow
only if sufficient response time was available between old and new target rate changes. However,
during certain field scenarios requiring rapid flow response, the control system might exhibit a delayed

or uncontrolled transient response. Nozzle uniforynihormally < 1%), and effte errors (37% to 11%)
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indicated that longitudinal (direction of travel) errors can occur for a longer period of time (up to 19 s)
during point row operation.

4) Flow control configuration impacted nozzle pressure and dlgmamics. The metered®ay boom
valve configuration had no transient response during ASC actuation. On the contraryythel®om
valve configuration exhibited undeand overdamped response for exiting and reentering point rows,
respectively. Sincehe metered 3way boom valve simply redirected flow from boesaction(s) that
were turned OFF back to the tank, nozzle flow settled quicker (0.1 to 4.2 s) as compared-iwape 2
boom valve configuration (up to 35.0 s). Addition&tliythe 2-way valve stip, the nozzle flow settling
time increasel with point row angleboth for exiting and reentering spray zones. Nozzle flow settling
time increased witlground speedor reentering but decreased with increase in spedtkn exiting
spray zonesAs expectedthe regulating valve VCN impacted nozzle flow settling times. However, the
results for the butterfly and fast regulating valves indicated that different sprayer configurations and
field operations may require controllers to dynamically establish the VE&bfaropriate and acceptable
system response. The total affite time provided a good measure to assess control system response to
attain a new target nozzle flow during ASC actuation for point row operation. The totateffime
increased at slower gumd speeds in conjunction with higher point row andtasboth the 2-way and

metered 3way boom valvesetups

7.2 FUTURE RESEARCH
The test methodology established for this research provided useful and quantifiable results as related

to nozzle flow variabilit during spray applications. However, either existing standards or a new standard
should be developed for agricultural sprayers to consider testing methodology and appropriate
reporting to quantify response and delay times of individual flow control acamepts such as the

controller (e.g. control algorithm), regulating valve, boom sbifftvalves and feedback sensors
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providing feedback within flow control system. These additions to standard testing protocol would
establish the anticipated sources of ersaturing response and delay time, contributing totaffget
applications. This knowledge of response and delay times would also help select appropriate
components making a flow control configuration. Thus, future research should also focus on selection of
control components and their placement regimen within boom plumbing to optimize control system
response while minimizing effite application.

Hose compliance remains a relatively unknown factor impacting performance of agriculture sprayers.
Hose compéince represents the ability of the sprayer plumbing (mainly hoses and tubing) to store and
release energy in a manner leading to unknown effects on flow or pressure at the nozzles. Literature
does not outline previous research on hose compliance relateaticultural sprayers and it was not an
aspect studied in this research. However, results in which the flow meter estimates did not align with
nozzle flow for short periods of time could suggest that hose compliance was a contributing element to
this measured difference. Agricultural sprayers typically use a combination of flexible hoses and solid
tubing. Understanding how the hose and tube respond to elevated pressure spikes for short periods and
if they can store a portion of this energy is import@ettaining to research, knowledge and design of
new products. As reported in this research, response time during flow rate transitions either due to
speed changes or ASC actuation needs to be reduced thereby minimiziateadfrors. By quantifying
and wnderstanding hose compliance within sprayer plumbing, the design and management of
agricultural sprayers and rate control technology can be improved to accurately and consistently
maintain target rates.

Response time ofantroller to manage application rateduring rate transitions depends on the
response characteristics 6w control components. The responsbkaracteristics of components can

be structuredby appropriatelyprogramming within rate controller Thisprogramming of ontrol
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components is also termed &sning. This programming or tuning of control components is generally
performed using manufacturer’s recommendations. A
routine calibration procedures, the tuning and calibratmincontrol components can become extremely

difficult to execute. Improper tuning of the flow components can impact the response time of the

control system generating offate errors as reported by this research. To overcome this limitation,
additionalresearchshould be conductedn integrating featureinto the control algorithnto auto-tune

flow control componentyersus the operator determining the appropriate setdeauto-tune feature

would properly program the control components through optimizattechniques based on feedback

from the flow meter, pressure transducers, or other sensors. The optimization would determine the

proper speed of response and break point to maintain a stable transition while minimiziregeff

errors. Further, controlamponents may demand unique tuning for varied field operating conditions

and operator’s driving behavior. For example, hea
point row operation. Thus, research should also be conducted to add anotheofesattrol by

classifying upcoming field response conditions as controllable or uncontrollable. For scenarios which are
controllable, the controller should actively determine and dynamically tune components for optimum

system response to minimize efiite errors. Further, artificial intelligence incorporated into control

software could help learn operator habits and driving characteristics along with sprayer plumbing

behavior to adjust or tune the control system accordingly.

7.3 PRACTICAL IMPLICATIONS
The reslution of control on agriculture sprayers is becoming smaller based on new and soon to be

released technology. In the past, application control across the spray boom was handled in sections
(e.g. boom sections) with the number of individual sectionssiasing over the past few years due to

the increased interest in automatic section control; as the number of sections increases so does the
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potential benefit of overlap reduction. Recently, companies are providing the capability to individually
control nozles further reducing the control resolution. Agronomic research is also investigating plant
level management as a means to increase crop yields while decreasing input usage. Considering these
aspects of technology and the thought of plaatplant managment, spray application will require
management at this resolution. While this concept and ability might be several years away, spray
manufacturers and researchers are progressing towards this level of control resolution. The overall
application accuracgf a rate control system largely depends on the selection of control hardware, flow
control configuration, quality of feedback mechanism and response time of the system. Therefore, flow
control components need to be carefully selected when designing acihmrol configuration as it can
impact nozzle flow response or atite errors. The response times of the flow control components such
as the flow meter and regulating valve will need to be much quicker (at least 5x) than control section
actuation in thefuture in order to maintain target rates. Quicker and improved response of spray
technology is necessary if the agriculture spray industry wants to continue progressing towards small
resolution of control. Another related point based on results of teiearch is that hardware

controlling flow or pressure should be placed as close as possible to the-bection or nozzles to

reduce transient delays when managing nozzle flow. Improved technology and hardware will allow
sprayer operators to not only mauin the target rate(s) but also adhere to product labels.

As pointed out in the research the system flow feedback might not truly represent nozzle flow,
probably due to ability of the hoses to store and release energy (e.g. hose compliance). Thig/disparit
between nozzle and system flow may result in application rate errors especially when the controller
assumes that the target flow has been achieved and no further adjustment is required. The feedback
from point of application can provide accurat@gisof nozzle pressure during rate transitions. This

information about nozzle pressure during transient times odier better feedback for controlleto
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accurately regulate system flow during transient times. Therefore, system feedback comprising of real
time system and nozzle pressure can provide more realistic data to the controller to better manage
system flow.

One item often not discussed related to sprayers is how an operator perceives the use of technology.
In general, once a sprayer is calibrated anaetd, an operator assumes the control system is responding
to rate transitions in a fashion which maintains both the target application rate and desired droplet size.
This perception is based upon feedback of the display to the operator since the displey as the
main if not the only mechanism to indicate how well the sprayer is performing. Therefore, if the display
indicates the target rate is being maintained, then the operator assumes the sprayer is functioning
properly. However, nozzle pressurenczary during ASC actuation and ground speed variations without
the controller indicating offate could be occurring. This point was observed during field testing in this
research in which the controller indicated acceptable performance while in redfitarget application
was occurring. Therefore, the operator was unaware of thigasffet issue. Further, the absence or
difficulty of pressure feedback to the operator does not allow the operator to observe possible pressure
variations during field peration. The selection of the appropriate spray tips is the first important step
in spraying. Once selected, the range of acceptable pressures to maintain the desired droplet size and
thereby spray efficacy needs to be monitored by the operator or abletr.

To address these concerns, pressure feedback to the operator and into the controller to monitor
variations and possible pressure levels outside the desired operating range is essential. Additionally,
future rate controller should include algdrins to dynamically optimize component tuning and thereby
stabilize nozzle pressure during rate transitions. Flow and pressure response is complex so having the
capability of rate controllers to auttune will reduce application rate errors. This atitme feature will

also reduce operator responsibility to make the decision on how to setup the rate controller (which is
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most likely a guess for most at this point) when it is unexpected for the operator to fully understand the
complexity of pressure and flolehavior within the spray system.

The agriculture community is embracing the use of technology to improve the accuracy of input
deposition. However, as technology advances, so does the understanding of spray behavior within the
plumbing and the effecvf hardware and software on sprayer performance to truly attain the concept of
“pr eci si onOverallgfutirecraséatchnddevelopment of rate control technologiés
needed to achieve accurate nozzle flow and product deposition on plaederdf regulatiors require
producers to follow product labshnd the adoptiorof improvedprecision agechnologiego reduce
off-rate errorscanhelpaddress some of the issues today in the U.S., suofffdarget applications,

weed resistance and protectipenvironmentally sensitive areas.
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APPENDIX A
EVALUATION OF PRESSURE TRANSDUCERS
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A.1 INTRODUCTION
Realtime nozzle pressure measurement isiarportant parameter to quantify control system

response during laboratory or field experimewts the agricultural sprayers. This section outlines the
procedure adopted to test the accuracy and consistency between different pressure transducers to
measurenozzle pressure. Although, pressure transducers are designed to achieve consistently during
measurement and subsequent control tasks, variability can exist between different units. This
measurement variability needs to be quantified to determine a configelmand and highlight if any bias

existed for the pressure transducer.

A.2 MATERIALS AND METHODS

A.2.1 INSTRUMENTATION ASPRAYSYSTEMETUP
Nozzle pressure data was collected using pressure transducers mounted on a test table and

agricultural sprayer boom hin film pressure transduceir@®lodel No.1502 B8IEZ 100 PSI BCB
Piezotronics IncDepew, NY, USA) were selected to measure nozzle pressi?enozzlelocations
across the spray boom. The pressure transducers had measurement ranges of 0 to 689.5 kPa with
reported accuracy of < 0.25% full scale and a res
pressure transducers were sampled using two National Instrument (NI) 9221 analog input médules.
program in LabVIEW (version 8.6) was developed to reddaite pressure data to a *. TXT file at a 40
Hz sampling frequency.

The test table setup used a 12 V turbojet centrifugal pump, pressure regulating valve, pressure relief
valve and 0.64 cm hose to produce water pressure at the nozzleeggjet 11003Teejet 2008)
extended range flat spray tips were selectsinozzles. The nozzle and the two pressure transducers
under evaluation were mounted on the stainless steel cross connector. This flow configuration allowed

for achieving stable nozzle pressuretoB20.0 kPa.
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Pressure transducers were also mounted on an-b8 &gricultural spraye{Schabenndustries
Columbus, NE, UjiA the Biosystems Engineering department at Auburn University. Another pressure
transducer was mounted at boowalve manifold ® monitor system pressure. The sprayer was
equipped with acentrifugal pmp (FMEGL50-HYDB206, ACE Pumps Corp., Memphis, TN, USA) that was
hydraulically driverby a John Deere 6420 tractor (Deere and Company, Moaline, IL USA). The spray
control system utilied aturbine-type flow meter (Model No. RRH@0P, Raven Ind., Sioux Falls, SD, USA)
and2.54-cm butterfly type control valve (Model No. 083.71-120, Raven Ind., Sioux Falls, SD, USA) to

regulate overall systerand nozzle pressure.

A.2.2 EXPERIMENTADESIGN
Thepressure transducers were tested for consistency and accuracy when measuring tip pressure

along the boorrsection(s). A unique identification number between 1 and 24 was assigned to each of
the pressure transducers. Five pressure transducers 5, 6, 8, @23awere randomly selected to be
tests against a reference pressure transducer (number 22) on a test table. For each test, one of the five
transducers was plumbed laterally on left side of cross pipe connector along with reference pressure
transducers orthe right side. Test were conducted by setting the target system pressure at 137.9,
275.8, 413.7 and 551.6 kPa to record nozzle pressure from two transducers simultaneously for 60 sec on
a test table. The nozzle pressure data from a reference and eatle tést transducer was analyzed to
guantify the overall nozzle pressure measurement variability by two different transdaténie same
location.

Tests were also conducted to measure nozzle pressure stability along admmbion. For these tests
12 pressure transducers were randomly selected for each of the three replicated tests. The selected
pressure transducers were mounted at nozzle locations 1 through 12 in the-beotion 1. The spray
system was set to operate at simulate field settings &.6akm i ground speed and 112.1 L 'ha

application rate. The spray system was turned on and allowed to run for 60 sec to allow time for
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stabilization within the spray plumbing. Nozzle pressure data for the 12 nozzle locations and system
pressure was recorded for 60 sec and then the system was turned off. The data was analyzed to
compute overall nozzle pressure variability within besatton using different sets of pressure

transducers.

A.2.3 DATAANALYSIS
Measured nozzle pressudata from tests was used to calculate the mean nozzle pressure, standard

deviation, coefficient of variation (CV) and mean error. Means and standard deviationddoemtif
parameters were also calculated using the GLM procedusatistical Analysis System software (SAS
Institute, Inc.NC, USAMean error between two pressure transducers was calculated in Microsoft

Excel.

A.3 RESULTS AND DISCUSSION
The nozzle pressuraeasurement results are provided in Tables 1 and 2. The mean error between

any two transducers measuring nozzle pressure varied betw28rand 3.8 kParableA.1). The results
highlighted overall nozzle pressure measurement accuracy of transducers. The pressure transducer
comparison results demonstrated that mean nozzle pressure at 12 nozzle locations irsbotiom1

varied from 279.9 to 274.7 kPa. The variabilityriean nozzle pressure during replicated tests was due

to system pressure deviation between 291.0 and 284.8 kPa. The mean nozzle pressure exhibited
standard deviation between 2.3 and 3.5 and CV from 0.9% to 1.2%. The results indicated that different
pressue transducers, when located at a nozzle location along the bsection, could measure nozzle

pressure in a boorsection with a maximum CV of 1.2%.
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Table A.1. Mean nozzle pressure error between different pressure transducers.

Target Mean Error (kPa)

Pressure
(kPa) PT-8&22 PT-23&22 PT-21&22 PT-6&22 PT-5&22
137.9 -0.9 0.2 0.7 2.7 -1.6
275.8 2.9 0.3 3.8 0.3 1.7
413.7 2.0 0.6 2.3 1.8 1.1
551.6 -0.8 1.8 3.8 2.3 0.4

1
PT=pressure transducer

Table A.2. Nozzle pressure consistency for different pressure transducers at five nozzle locations within a single boom-

section.
----- Test 1----- -----Test 2----- -----Test 3-----
Pressure

transducer NP NP NP
location PT-ID (kPa) PT-ID (kPa) PT-ID (kPa)
SP 1 291.0 1 289.9 1 284.8
NL-1 5 282.0 6 277.0 15 268.9
NL-2 16 283.4 16 282.0 21 275.1
NL-3 15 277.2 12 284.8 12 276.5
NL-4 6 279.5 21 281.7 8 273.7
NL5 14 279.9 14 278.6 14 273.7
NL-6 13 277.2 13 275.8 7 278.6
NL-7 12 282.6 11 278.1 13 272.4
NL-8 7 281.1 5 280.7 6 274.7
NL9 21 278.8 15 273.2 16 275.1
NL-10 11 282.0 10 277.9 10 276.5
NL11 8 276.5 8 275.8 11 275.1
NL-12 10 279.0 7 283.6 5 275.8
Mean (kPa) 279.9 279.1 2747

SD(kPa) 2.3 3.5 2.4

CV(%) 0.8 1.2 0.9

1 ) I )
PT ID=pressure transducedentification number,SP=system pressure; NL=nozzle locafit’snozzle pressure; SD=standard
deviation; CV=coefficient of deviation

A.4 CONCLUSIONS
A Thedifferent pressure transducers were able to consistently measwzzle pressure with a

mean error from-2.9 to 3.8 kParhe difference between the mean nozzle pressure and system

pressure was approximately 10kPa.
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The nozzle pressure within the boesaction can beneasured with standard deviation of up to

3.5 kPa and 1.2% coefficient of variation.
The pressure transducers selected were therefdeemedsufficient for characterizing nozzle

pressure on agricultural sprayersthis research

145



APPENDIX B
HyDRAULIC HEAD DIFFERENCE DURING BOOM-SECTION TILT
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B.1 INTRODUCTION
Boom-section roll can occur oroling terrain during field applications. &teby,boom-section roll or

tilt can impact nozzle pressure can create hydraulic head differential due to differences in height
between centerline of the boorsection and nozzle in the tilted boesections. Thigeviation in

pressure due to boorsection tilt can result in noaniform nozzle flow. However, there is no
information about the actual and theoretical hydraulic head for implementing and studying-boom
section tilt during field experiments. Therefotests were conducted to compare actual and theoretical
hydraulic head during boorsection tilt of a36.5 m wide auteboom agricultural spraye(Appendix

D.16)

B.2 METHODOLOGY
The tests wereonducted using.commonselfpropelled sprayefAppendix A.16). The spyrer was

set on a level ground for static tests with spray boom unfolded and water as a spray liquid. Elgbteen
frequency pressure transducef8ppendix B.10jere mounted across the spray boomgppendix A.1y

to recordnozzle pressurelhe spray system was setdpplyat 161 and 310 kPa. For each system

pressure setting the sprayer was allowed to run for 60 s to attain stable system pressure before tilting
the boomsections. In Scenario A left boesection was tilted downwards and righbom-section tilted
upwards whereas it was opposite for the Scenario B. The height of the boom from ground was measure
at nozzle locations 1, 42, 48, 54 andu@ing a measuring tape. A National Instrument (NI) DAQ system
was used to record analog inpubfn pressure transducers using a program written in LabVIEW version

8.6. The nozzle pressure data at 10 Hz was writtean*. TXT fil@long with time stamp$or analyses.
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Figure B.1. Nozzle pressure measurement with left boom-section tilled upwards and right tilted downwards.

Figure B.2. Nozzle plumbing in the central boom-section.

B.3 DATA ANALYSIS
The actual height of each nozzle location from theugid was calculated using the measured height

at 5 nozzle locations in Microsoft Excel. This height was used to calculate the theoretical hydraulic head.
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The difference between nozzle pressure at the center of bsection with boomsection in horizontal
position and the actual nozzle pressure at eighteen locations during tilt scenarios were used to calculate

actual hydraulic head.

B.4 RESULTS
The nozzle pressure at various locations for besmution at horizontal position is presentedrigure

B.3 whereas the comparison between actual and theoretical hydraulic head for Scenario A and Scenario
B is presented ifrigureB.4. The actual hydraulic head for the boesaction tilted downwards was

greater than the theoretical while for booigection tilted upwards was less than the theoretical head.

The comparisons between the two hydraulic deandicate that actual hydraulic head may differ from

theoretical head. More experiments needs to be conducted to find a relationship between these two

heads.
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Figure B.3. Initial steady state nozzle pressure for 18 locations along the boom at 310 kPa system pressure.
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APPENDIX C
ADDITIONAL SPRAYER PERFORMANCE RESULTS
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C.1 NozzLe OFF-RATE APPLICATION MAP FOR FIELD-1 WHEN USING AUTO-NOZZLE SPRAYER WITH
DIRECTION OF TRAVEL INDICATED BY BLACK ASRROWS, DRING FIELD OPERATION.

Off-Rate (%)
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C.2 NozzLE OFF-RATE APPLICATION MAP FOR FIELD-4 WHEN USING AUTO-NOZZLE SPRAYER WITH
DIRECTION OF TRAVEL INDICATED BY BLACK ASRROWS, DRING FIELD OPERATION.

Off-Rate (%)
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C.3 OVERALL MEAN NOZZLE FLOW AND OFF-RATE ERROR FOR AUTO-BOOM SPRAYER WHEN TURNING

BOOM-SECTIONS SEQUENTIALLY OFF AND ON AT 5-SECOND INTERVALS.

Flow Rate (Lpm) and Off-Rate (%)
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Figure C.1. The target pressure was set at 570 kPa and ground speed at 19.3 kph equivalent to a 124.4 L/ha target rate or

146.0 Lpm system flow.
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105.1 Lpm system flow.
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Figure C.4. Nozzle pressure and system flow response when selecting two different valve calibration numbers for

butterfly regulating valve.
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APPENDIX D
EXPERIMENTAL EQUIPMENT SPECIFICATIONS
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Tractor Power:
PTO rated, kW:
Engine:
Manufacturer:
Fuel:

Aspiration:
Cylinders:
Displacement, L:

Rated Engine Speed, RPM:

Cooling:

Oil Capacity, L:
Hydraulic Flow Rate, LPM:
Transmission:
Type:
Mechanical:
MFWD:
Dimensions:
Wheelbase, mm:
Electrical:
Display

70.3

John Deere

Diesel

Turbocharger with Intercooler
4

4.5

2300

Liquid

15.9

96

Infinitely Variable Transmission
Yes
2400

GreenStar 2
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D.2 TRACTOR MOUNTED THREE-POINT HITCH MOUNTED SCHABEN SPRAYER

o —

Manufacturer: Schaben

Model: Pro 500 3PT Elliptical
Spray Tanki (gal) 1893 600)

Boom type: Hydraulic Fold 2Boom
Hitch: 3-point

Boom setup Dry boom

Boom sizem (ft). 18.3 60)

Number of boom section: 3

Nozzle spacing, cm: 51

Number of nozzles: 25

Nozzle type: Teejet TT11003 VP
Nozzle solenoid: Capstan Ag Systems
Flow meter: Raven

Regulating valve: Raven

Boom valves: Raven 2vay boom valve
Pump: ACE Pumps CorpModel NoF MC- 1 5Q06 HY D -
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D.3 TopcoN X20 FIELD COMPUTER

Boom sections Rate applied Area

Volume left . Speed Product applied

Primary fate Master switch

neserate |
SO, I s«ur;&ary ate

Console:
Manufacturer: Topcon
Processor: 1 GHz
Memory: 512Mb
Operating system: Windows XP Pro SP2
Display sizemm (in) 213 (8.4)
Solid State driveGB 4
Mounting bracket: RAM mount
USB ports: 4,USB 2.0
Serial RS232 ports: 4
PS2 ports: 2
VGA ports: 1
10/100 Base T ethernet port: 1
Input voltage, Vdc 9-18
Control section: 30
Software version: 4.44.0003aS Dec 2, 2005
Pressure Monitoring Software:
Manufacturer: Campbell Scientific
Software: Loggernet 3.4.1
Capabilities: Datalogger Programming Reahe sensor monitoring
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D.4 RAVEN VIPER-II FIELD COMPUTER

K OOOOOOO
1 &20304050 24D
0.0

Display
Data

eps (B

Product
Control '\&-)

Console:

Manufacturer: Raven

Software version: 2.08F
Microprocessoy MHz 800

Memory, Mb: 256

Operating system: Windows XP
Display sizemm (in) 26.4 (10.4), diagonal
Mounting bracket: RAM mount

USB ports: 3,USB 2.0

Serial RS232 ports: 3
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D.5 RAVEN RFM 60P FLOW METER

[

Manufacturer:

Model:

Material:

Inlet, mm (n):
Outlet,mm (n):
Pressure ratinggPa (pst)
TYP pulsefifer (gallon)
Supply voltageVdc
Supply currentmA

Raven Industries
063-0171-793 (RFM 60P)
Polypropylene Body
38.1(1.5)

38.1(1.5)

1206 (L79)

19 (72)

5

10
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D.6 RAVEN %" POLY BUTTERFLY FLOW REGULATING VALVE

STD VALVE
SE i,ECT

-SD
' INITIAL VALVE CAL
2123

Manufacturer:

Model:

Material:

Inlet, mm (n):

Outlet,mm (n):

Operating pressurePa (psi)
Supply voltageVdc

Supply currentmA
Open/close time, s:

Raven Industries
063-0171-120
Polypropylene Body
19.1 0.7H

19.1 0.7H

1379 00)

12

60

7
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D.7 RAVEN %” FAST BALL REGULATING VALVE

Manufacturer: Raven Industries
Model: 0630172265
Material: Stainless steel
Seals Teflon

Inlet, mm (n): 19.1 0.7H
Outlet,mm (n): 19.1 0.7H
Operating pressur&Pa (psi) 1379 @00
Operating voltageVdc 15

Operating currentA 3

Open/close time, s: 15
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D.8 RAVEN 2-WAY BOOM VALVE

Manufacturer:

Model:

Inlet,cm (n):

Outlet,cm (n):

Gallon per minute rating:
Open/close times
Maximum current drawA:

Maximum working pressurekpa (psi):

Close time, s:

Raven

1-063-0172-330

5.08 @), banjo flange

2.54 (1), banjo flange

40 at34 kPa% psi)pressure drop
<0.75

5

1207 (175)

0.7
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D.9 TEEJET 3-WAY BOOM VALVE WITH METERED BYPASS

PIN1(+) \ e
-<— PIN3

SWITCH (EC)

OR GROUND (E)
Manufacturer: Teejet
Model: DS430EC
Flow rate L miri* (gpm): 44.2 (11.7) at 34.4 kParessure drop
Max pressurekPa (psi) 1482 @15
Current draw A < 0.5at12Vdc
Response time, s: 0.6
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D.10 CAPSTAN AG SYSTEMS, INC., SOLENOID VALVES

Voltage rating, Vdc 12
Pressure rating, kPa (psi) 1034 (B0)
Current rating, A 0.58
ON/OFF Time, ms < 150
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D.11 PRESSURE VERSUS FLOW CALIBRATION CURVE FOR TT11003 VP NOzZLES
Thecalibrationcurve and polynomial fit (Polywas attained using manufacturers data (Teejet Catalog

50A, 2008)

1.8

y = -2E-06x? + 0.0032x + 0.3795 L4
16 R?=0.999

14

L 4

1.2

1.0 *

0.8

4

+ Manufacturer Data

Flow rate (L min‘?)

0.6 Poly. (Manufacturer Data)

0.4

0.2

0-0 T T T T T T
0 100 200 300 400 500 600 700
Pressure (kPa)
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D.12 AG-CHEM ROGATOR 1074 SELF-PROPELLED SPRAYER

Engine:

Manufacturer:

Fuel:

Aspiration:
Displacement, L:
Cooling:

Sprayer:

Tank, L:

Pump:

Pump speed control:
Dimensions:

Boom Width, m:
Boom Height, cm:
Track Widthem:
Ground Clearance, cm:
Boom setup:

Number of boorrsections
Boom type:

Type of nozzles:
Nozzle spacing, cm:
Number of nozzles:
Control System:
Controller:

Software version:
Spray ECU:

Spray control section:
Flow meter:

Boom valves:

GPS guidance:

Caterpillar
Diesel

Turbocharger
7.2
Air

3785, stainless steel
AGChem

Proportional hydraulic control valve

30.4

78.74—210.82, adjustable
305 - 386, adjustable
121.9

5

Wet boom using poly tubes

Teejet TT11005 VP, Teejet XR8005 VS
51

60

Topcon X2QZynx spray rate controller (Versidn98.1)
4.45.0093 Beta S

ECU 30S (Firmware versid9)

30 sections

AGChem

AGCO, A&hem

Trimble AG 132 reciever
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D.13 CONTROL SECTIONS LAYOUT OF AG-CHEM ROGATOR SS 1074 SPRAYER
The spray boonsontained 30individualnozzlesectionshavingdifferent section widths

i Nozzle Location

Nozzle control sections having group Boom centerline Boom-sections
of 1,2 &3 nozzles
e T
ltob 7to8 10 & 11 12 & 13 15|& 16 17 18 & 19

05« 10 15\ i 15 B
B ————=— Nozzlecontrol section width (m) —
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D.14 TrRiMBLE AG132 GPS RECEIVER

Manufacturer:

Software:

Receiver:

Reference station:

Differential speed accuracim h":
Position accuracy:

Differential correction:

Time to first fix s
Update rate Hz

Trimble

MagMap 96 Utility Software

Integrated 12 channel

Built-in virtual reference station (VRS)

0.16

< 1m RMS horizontal, with sufficient satellites

Wide Area Augmentation System (WAAS)

< 30, typically
1to 10 Hz
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D.15 PRESSURE VERSUS FLOW CALIBRATION CURVE FOR TT11005 NOzzLES
Fifteen tips from location of transducers on the-Bgem Rogatosprayer were calibrated on a test

table in the laboratonto obtain the calibration curve and polynomial fit for nozzles.

3.0

y = -4E-05x? + 0.0097x + 0.167 ] =

25 1 R? = 0.9991

2.0

4 + Test Data
15 =

————— Poly. (Test Data)

Flow rate (L min')

1.0 &

0.5

0-0 T T T T T T
0 100 200 300 400 500 600 700

Pressure (kPa)
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D.16 JOHN DEERE 4930 SELF-PROPELLED SPRAYER

Engine:

Manufacturer:

Fuel:

Aspiration
Displacement, L:
Sprayer:

Tank, L:

Pump:

Rate Control:
Dimensions:

Boom Width, m:

Boom Height, cm:
Breakaway Width, m:
Wheelbase, cm:
Ground Clearance, cm
Boom Setup:

Boom Sections:

Boom type:

Type of nozzles:
Nozzle spacing, cm:
Number of nozzles:
Control System:
Controller (software Part No. and version
Displayl (software Part No. and version):
Display2

Spray control section:
Flow meter, mm (in):
Boomvalves:

GPS guidance:

John Deere
Diesel
Turbocharger
9

4542, stainless steel
Hypro (hydraulically controlled)
John Deere Spray Star

36.5

61-231, adjustable

4 tip, full boomstandard
432

127

7
Wet boom

Teejet Al11003 VS
38

95

John Deere SprayStar (N307154 and 06.14)
GreenStar 2 (RF500027 and 02.03)

Original GreenStar display

-

38.1 (1.5)optional 2nd for high flow system
John Deere Spray Master

Trimble RTK receiver with R8 Rover and R7 Ba
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D.17 CONTROL SECTIONS LAYOUT OF JOHN DEERE 4930
Thesprayer contaird seven individual boorsectionshaving differentsection widths

| Nozzle Location

Boom control section Boom centerline

e A L L L AR VL VL Vi
38 |34 IF 9.1\ ' /3.4
Boom-section width (m)

173



D.18 GNSS RTK RECEIVER — R8 ROVER

Code differential GNSS positioning:

Static and Fasbtatic GNSS

surveying:

Kinematic surveying:

Data StorageMb:
NEMA output:
Update rate Hz:

Hori zont al

Vertical ........
WAAS accuracy

3DRMS

Hori zont al

Vertical .........

Hori zont al

Vertical .........

. 25

. 50

ty

I nitializati on

seconds
Initialization reliability

typically... 99.

57 internal memory
GPGGA, GPVTG
5
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D.19 GNSS RTK RECEIVER R7 BASE

Code differential GNSS positioning:

Static and FastStatic GNSS surveying:

Kinematic surveying:

Power ports:
Battery ports:
Serial ports:
NMEA outputs:

Hori z
Vert.i
WAAS
Hor i
Vert
Hor i
Vert
I nit
Il nit
2 external
2 internal
3

16

(0]
c
a
(0]
c
(0]
c
a
a

- — - N — N

175

ntal ... 0.
al ... 0.5
ccuracy
ntal ... 3
al ......... 3.5
nt al .10
al ......... 20
' i zati on
l'izati on

25 m
0 m
typi
mm +
mm
mm
mm +
tim
r el



D.20 PRESSURE VERSUS FLOW CALIBRATION CURVE FOR Al11003 VS NOzzLES
Five tips from location of pressure transducers location on the John Deere sprayer were calibrated on

a test table in the laboratory to obtain the calibratioarve and polynomial fit (Poly.)

1.8

16 —— y=-2E-06x2+0.003x + 0.385 ‘e
2_0. . 2
R?=0.9935 A

1.4 e
= o

1.2

o

.3

1.0

¢ Test Data

0.8 & -
ST e Poly. (Test Data)

Flow rate (L min%)

0.6

»

0.4

0.2

0.0 T T T T T
0 100 200 300 400 500 600

Pressure (kPa)
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D.1 MEASUREMENT COMPUTING USB-4303FS.

Counter Configuration: Two 9513 devices, &p/down counters, 16 bits each
Counter CompatibilityV/TTL 5

Digital Input: 8

Digital Output: 8

Memory, bytes 256 (EEPROM

USB: USB 2.0
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D.2 CoMPACT RIO-9014 CONTROLLER.

at
i
s} :
it .
i
i

B«

Manufacturer:

Part:

Operating system:
Processor core type:
CPU clock frequencivHz
Memory, Mb:

Ethernet ports:

Ethernet port type:
Serial RS232 port:

USB ports:

¢ gy

National Instruments
77956401

RealTime

PowerPC

400

128

1

10BaseT, 100BaseT
1

Yes
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http://sine.ni.com/nips/cds/view/p/lang/en/nid/203500

D.3 ComPACTRIO-9103 CHASSIS.

Manufacturer : National Instrument
Form Factor : CompactRIO
Part Number : 77905301
Operating System/Target : RealTime
Reconfigurable FPGA:

FPGA : Virtexl
Chassis:

Number of Slots : 4

Power ConsumptiorvV: 3

Minimum Operating TemperatuyécC: -40
Maximum Operating TemperatureC: 70
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D.4 NATIONAL INSTRUMENT 9221 C SERIES ANALOG MODULE.

Manufacturer : National Instrument
Form Factor : CompactDAQ , CompactRIO
Part Number : 77901401

Operating System/Target: RealTime , Windows
Measurement Type : Voltage

Isolation Type : CheEarth Ground Isolation
Analog Input

Channels : 0,8

SingleEnded Channels: 8

Resolution bits: 12

Sample RatekS/s 800

Max Voltage V: 60

Maximum Voltage Rang¥: -60, 60

Maximum VoltagdRange Accuracy: 0.069
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Manufacturer :

Form Factor:

Part Number:
Operating System/Target:
Measurement Type :
Isolation Type:

Digital 1/0

Bidirectional Channels:
Input-Only Channels :
Output-Only Channels:
Number of Channels:
Timing:

Max Clock RatekHz
Output Current Flow:
Current Drive SingjeX

Supports Handshaking 1/O:

Supports Pattern 1/O :
Maximum Output Range/.

D.5 NATIONAL INSTRUMENT 9476 C SERIES DIGITAL OUTPUT MODULE.

National Instrument
CompactDAQ , CompactRI
77914001

ReaiTime , Windows
Digital

ChEarth Ground Isolation

0

0

32

0,32
Software
2
Sourcing
0.25

No

Yes

6, 36
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D.6 NATIONAL INSTRUMENT NI 9870 4-PORT RS232 COMPACTRIO SERIAL INTERFACE MODULE.

Manufacturer : National Instrument
ProductFamily: Serial

Form Factor: CompactRIO

Part Number: 77989102 , 77989101
Operating System/Target: FPGA

LabVIEW RT Support: No

Voltage Vrms 5

Current, A 0.1

Source : Additional Power Required
Isolation Type: Bank Isolation

Serial Standard Compatibility: RS232

Port Information

Number of Ports: 4

I/O FIFO Buffer Size: 64 B

Max Device Connections / Port: 1
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D.7 NATIONAL INSTRUMENT C SERIES 9403 DIGITAL INPUT MODULE.

Manufacturer: National Instrument
Form Factor: CompactDAQ , CompactRIO
Part Number: 77978701

Operating System/Target: RealTime , Windows
Measurement Type: Digital

Isolation Type: ChEarth Ground Isolation
Product Family: Serial

Form Factor: CompactRIO

Operating System/Target: FPGA

Analog Output

Bidirectional Channels: 32

Timing: Hardware

Max Clock RatéMHz 10

Logic Levels: TTL

Maximum Input RangeV: 0,5.25

Maximum Output Rangé/ 0,5.25
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D.8 GRAYHILL INC. DC OUTPUT MODULES.

Manufacturer

Partnumber

Maximum Line Voltage/dc:

Load Voltage Rang¥dc:

Max. OffState Leakage @ Max. LimeA:
Maximum TurrOn Timey S e ¢
Maximum TurrOff Timepy S e ¢

Typ. Power DissipatiohV/A:

Clamping Voltagé/dc

Nominal Logic Voltage (V¢c¥dc

Logic Voltage Rangedc:

Maximum Logic Supply Currer®@ Nominal VcanA
Nominal Input Resistance (R®)
Minimum Drop Out Voltage/dc

185

Grayhill Inc.
70G ODC15
60

3-60

15

20

50

1

80

15

10-20
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D.9 GRAYHILL 70GRCKA4R 4 POSITIVE OR NEGATIVE TRUE LOGIC RACKS FOR 70G ODC15 ouTtpPuT
MODULES.

BARRIER STRIP

2122121212|2|010] i
O,

@) MODULE
K1° ! 2 3 = LOCATION
®
PULL-UP
RESISTOR
3.3 Ko
I ' ' CONTROL
v\o|o\o|o|o|o|o|o| e
STRIP
1 2 3 4 5 6 7 8 9
2 8 2 8 8 8 ¢ 8 8
(G} (O] (0] [G]
=2 > > > >
o + 9 % 9 % 9 % 9

Sch'ématics for th2OGRCKA4R rack.
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D.10 PCB PIEZOTRONICS INC. THIN FILM PRESSURE TRANSDUCER.

Manufacturer PCB Peizotronics

Part number 1502B81EZ1QBiG
Measurement rangekPa (psg): 0-690 O-100

Output, (Vdo: 0-10

Accuracy < 0.25% FS
Drift: < 0.2 % FS/Y
Sensitivity mV/kPamV/psi): 14.5 (00

Resolution < 0.01 % FS
Response timgns < 1

Environment

Proof pressure 2X FS

BurstPressure > 35X FS

Fatigue life 108 FS cycles

Electrical

Supply voltageVDC: 11.5t0 30

Current consumptionmA: 6

Physical

Pressure port 1/4-18 NPT

Thread External

187



74

yaecrmeoL e
Made in USIA.

»— FLOW
FT-24NEXW-LEG-5
S/N 2408130

Manufacturer:

Part number

Measurement rangé miri* GPM
Output, Vdc

Accuracy

Repeatability

Linearity

Rotor material

Respons¢ime, ms.

Electronic pickup

Part number

Applied voltage InVDC

Power consumptioomW:

Input frequencyHz

Output frequencyHz

Analog voltage outpytvdc
Linearizer latengyms.
Analogvoltage output accuracy
Linearization method

D.11 FLOW TECHNOLOGY FLOW METER WITH PICKUP.

Flow Technology

FTF16 NEX\ALEG6

0-227 0-60)

0-10

+0.05% of reading

+0.05% of reading

+0.10% of linearing electronic
Ceramic

34

LN5-GV1-9
10-36

300

5-3000

1-3500

1-10

10

0.1% of full scale

High density linear interpolatd frequency mappit
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APPENDIX E
EXAMPLE PROGRAMS AND SCREENSHOTS
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E.1 FRONT PANEL SCREENSHOT OF A LABVIEW FPGA PROGRAM FOR AUTO-BOOM CONTROL TESTS.
The progranread and writego analog, digital inpubr digital output modules during simulatddsts

B AtoD-RW_Boom.vi Front Panel *

File Edit Yew Project Operate Tools window Help
| & OIEI | 13pt Application Fonk "’;"l
-~
Al Sample Rate (Hz), 5fs| Software Loop Time (ms)| )
£ 10000 9 100
Boom Input Voltage (VDC)| Program Check ey
Channel 1 Channel 2 Channel 3 tan (PR Angle) | width (in) Speed (mph)
0.000000 0,000000  0,000000 _ 9 ] 9 ] 9 0
F a Boom1 ONGFF time
Channel 4 a
0.00000¢
Channel 5 Channel 6 Channel 7 Channel 8 Channel 9 Channel 10 Channel 11 Channel 12 Channel 13 Channel 14
0.00000( 0.00000C 0,000000 0,00000C 0.00000C 0,00000( 0.00000C 0,000000 0,000000 0,000000 -
Channel 15 Channel 16 Channel 19 Channel 20 Channel 21 _
0.00000(  0.00000( 0.000000 0.000000 0.00000(
status  code
Channel 22 Channel 23 Channel 24 il H_U
0.000000  0.000000 0,000000
Channel 17 Chaninel 18 S
0.00000( 0 0.00000¢ O - =
Raven
Raven FM {ms interval)  Frequency (Hz) Fosition (counts) ESarazIbHCaunier]
Boomz_OFF -
A 2 e Jre A Sirmulation Time (sec)|  Stabilization Time (sec)|
‘f) 0 5) ] I) o A A
o° f)D =
Boomz_OM
Time (ms) 2
o 9 0 9 0
“
<

|»
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E.2 FRONT PANEL SCREENSHOT OF A FPGA PROGRAM DURING FIELD TESTS.
The progranread and writego analog, digital input, dital output and serial modules

B Al_GPS_FIFO_Write_25tr_Parse.vi Front Panel *
File Edit Yew Project Operate Tools window Help
IE & OIEI 13pt Application Font - ”E"E”&I -
¢ (=

Channel 0| Mada4/alz | [ Madd AT+ 8 Madd/AT5 | Mad4/Al7 |
0,00000( 0.00000) 000000

Modzjatn B Madz/art S8 Modzjatz [8IMadz(A13 8 ModzjAr+ S8 Mad2/a1s [ Modzjate JS8) Modz/ A7

0,00000( 0. 000001 0, 000000 0.00000¢ 0,00000¢ 0,00000¢ 0. 00000¢ 0, 000000

0.00000¢

0. 00000¢

- "

Byte Timeout 2
£ o £ oo
E

£05 Byic 2 (N Bite ot 2|
¢ r— -
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E.3 BLOCK DIAGRAM SCREENSHOT OF A FPGA PROGRAM DURING FIELD TESTS

This part of the programead, parse and write GPS data

B Al_GPS_FIFOD_Write_25tr_Parse.vi Block Diagram *

===

File Edit Yew Project Operate Tools window Help

,E(g! Cu@ ba B ot ‘ 13pt Application Font

~1[Eer][ar] [¢5- =4

Match substring 2

after substring 2

token skring 2

Skring Subset 3

GPS Time

OBL |

Tl True 't
LATITUDE LONGITUDE
[#DEL] —*3BEL]

substring 2

RIKFi]
)

delimiters (s, 4, 40y

il

before substying 3

.
EDCI

Match substring 3

{
ﬁbc

1

delimiters (s,

o

AT

Speed Kmfh
PDBL]

==
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E.4 EXAMPLE MATLAB PROGRAM TO ANALYZE NOZZLE PRESSURE PARAMETERS .
This program did analyses of nozzle pressure déien boom valves control were turned=Bduring

different tests

clearall;clc;closeall;format long
% parameters;

%%
Time=xlsreadfB_ 10 anal OR.xI$X0 10 r3'E370:E51%,
BoomVolt=xIsreadfB_ 10 anal OR.xIsX0 10 r3/'F370:H5149;
Parameter=xIsread{B_10 anal OR.xI$X0 10 r3'BQ370:BR51}'
Ni=10;Nf=134;

%%
% % Calculate boom valve shut Off Time and write on an excel sheet

[nrow ncol]=size(BoomVolt)
for j=1:ncol
Btime=1;
for i=1:nrow
if (BoomVolt(i,j)<10) && (Btime=%))
Btime = Time (i);

else
BOT(j,1) = 0;
end
BOT(j,1) = Btime;
end

end

xlswrite(AB_2way_summary_pres.xI8&OT,/0_10;,'J38)

clearnrow ncol Btime

%%-

% % Calculate average initial nozzle pressure, average final pressure, settling time,% overshoot, peak time and
write on an excel sheet

[nrow,nol]=size(Parameter);
for k=1:ncol
Paralni(k,1)=(mean(Parameter(1:Ni,k)));
ParaFin(k,1)=(mean(Parameter(Nf:end,k)));
end
for j=1:ncol
PeakVal = 0;
Timelni =1;
TimeFi = 0;
TimeFin = 0;
Tim = 0;
Psum = 0;
Pavg = 0;
Caunt = 0;
check = BOT(2,1%check for this value based on boaection number turned OFF/ON
for i=1:nrow
if (Parameter(i,j) > PeakVal)
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PeakVal = Parameter(i,j);

PeakT = Time(i);
end
Changel = abgParameter(i,j} Paralni(j)) * 100) / Paralni(j));
Change2 = abs(((Parameter@d,paraFin(j)) * 100) / ParaFin(j));
if ((Changel > 5) && (Timelni =)

Timelni = Time(i);

end

if (Timelni < check)
Timelni =1;

end

if (i == nrow)
timend = Time(i);

end

if (Change2 < 5.0) && (TimeFin == 0))
TimeFin = Time(i);

elseif(Change2 > 5.0)
TimeFin = 0.0;

end

if (Timelni ==1)
TimeFin = 0;

end

if (Parameter (i,j) > 5)
Pin = Parameter (i,j)
Psum =Psum + Pin
Count=Count +1

end

if (Count > 0)

Pavg Psum/Count
end

Sint = TimeFinTimelni;
if (Sint >=0)
STime = Sint;
elseif(TimeFin == 0)
STime =0;
end

OShoot(j,1) £(PeakVal ParaFin(j)) * 100) / ParaFin(j);
peak_Value(j,1)=PeakVal,
Stime(j,1)=STime;
% peak_t(j,1)=PeakT;
% peak_time(j,1)=PeakTimelni;
ini_time(j,1)=Timelni;
fin_time(j,1)=TimeFin;
P_avge(j,1)Pavg;
end

clearSTimeTimelniTimeFinPeakVaPeakTPsumCountPavg
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end

%{

ji=int2str(j);

S=streat('R'jj)

%}

xlswrite(AB_2way_summary_pres.xIgaralni,70_10,'B38)
xlswrite(AB_2way summary_pres.xl&araFiny0 10,'C38)
xlswrite(AB_2way summary_pres.xlgni_time, 70 10;'D38)
xlswrite(AB_2way summary_pres.xIgiii_time, 70 10,'E38)
xlswrite(AB_2way summary_pres.x|sStime,70_10;,'G38)
xlswrite(AB_2way_summary_pres.xlgpeéak_Value70_10,'H38)
xlswrite(AB_2way_sumiary_pres.xIsyP_avge70_10,'138")
clearnrow ncol

TimeL=min(ini_time);

lag_time=ini_timeTimeL;

%%
% % Calculate system flow rate settling time and write on an excel sheet

[nrow ncol]=size(Flowrate)
Ftime = 0;
for i=1:nrow
if ((Flowrate(i) == 0) && (Ftime==0))
Ftime = Time (i);
end
end
FST = Ftime
FRS_Time=BQOFST;
% save st_output OShoot STime Timelni TimeFin PeakPres PeakT
1
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