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CHAPTER |

INTRODUCTION

1.1 Precision Agriculture

Precision agriculture among agricultural producers has been growiag the past
decade as producers have realized benefits with regard to irtneadeability and

reduced environmental impact. Studies of economic feasibility angsaalf using

precision farming equipment have revealed that the benefitthettérom precision
agriculture adoption have mostly out weighted the initial investnahtr@aintenance on
the precision agriculture equipment (Godwin et al., 2002). For instancerowsrstudies
have been conducted to improve the use efficiency of nitrogen extiladr in cereal

production. The driving factors for these studies were that (1)gettrdertilizer prices
have doubled over the past few years and (2) environmental impactcessexr
misapplied nitrogen fertilizer on cereal crops. According to Radual.g1999), a one

percent increase in the nitrogen use efficiency in cereal pioduwgorldwide would save

around $234,658,462 in nitrogen fertilizer costs. Owing to this saving padtentia

agricultural producers are interested in adopting variableeebtmology in their farming
practice. Moreover, Solie et al. (1996) suggested that nitrogen appliaising variable
rate technology should treat the field area in the elemeztlo$inot greater than 1.96
m’ to reap the benefits of variable rate nitrogen application techynoldis puts forth a

lot of questions and expectations from commercially availabi@bla rate technology



equipment such as: “Is the equipment capable of providing enough resolation f
applying nitrogen at variable rates and at different tragieeds and / or with different
spatial variability in agricultural fields? What are the cast®Ilved and is it affordable?
What are the different components involved in variable rate technoldgw?can the
performance of each of the component be evaluated? What is d¢loé @&ffcombining
these components on the overall system performance? Are tlyeseaadards defined to
evaluate the variable rate technology and its associated equipmien@iswer these
guestions and to see if the expectations are met, much researfobehagone over the
past decade on different aspects and applications of variable ectaology. An
overview of relevant research done in this field of variable t@ténology and their

findings is in the review of literature section.

1.2 Variable Rate Technology (VRT)

Variable rate fertilizer application can be of three tyggsagraphic information system
(GIS) map-based or real time sensor-based or a combinatioapmpfanmd sensor-based.
GIS map-based variable rate application is used where apmtiGatiounts and rates are
predetermined based on the historic spatial data such as yietd soitE maps. The field
is divided into sections and application rates are fixed for eaatios in the field. Map-
based VRT system uses a predefined application map (prescriptip) to change the
application rate and rate changes are less often. To achieableaate application,
position coordinates are needed in map-based VRT. In contrast, iagbeot sensor-
based and combination variable rate application methods, the input comea $ensor

that triggers a change in application rate in real time. In casts, this application rate



change is triggered every second. Plant or soil sensors aednaem sensor based VRT.
Both the systems need a flow sensor for fertilizer rateroangl speed sensor, a rate
controller, and actuator valves/motors. Application rate is adjusted ‘ariable rate
controller, which is at the heart of the VRT system. VRT abletrs incorporate
embedded microcontrollers that accept sensor inputs, GIS prescriptégrcastomized
user commands through hardware and software interface and talthéarequired
application rate using a formula or an algorithm. The calculettxlis then translated
into actual fertilizer output through actuators, often via motor obthatt flow control

valves or solenoid controlled nozzles.

Rate controllers are available commercially that interfaith different devices using
standard connectors. Important criteria when selecting rate centoolla VRT control
system is the response time. A fast responding VRT systeaeded to make quick rate
changes while the applicator moves across the field. A map M&Edystem needs a
programmable look ahead feature capable of providing predictive spegaensation
that is essential for synchronizing fertilizer rates wittarging tractor speeds after
subtracting inherent system lag times. Sensor based VRT providedapet information
at the time of the application and the components need to be veiry éader to catch up
to the rate change commands that come every second. The indorfnai the sensors
is fed to the VRT controllers in real time and the lag toheensor based VRT system

needs to be very small.



CHAPTER Il

REVIEW OF LITERATURE

2.1 Standardsfor Evaluating Variable Rate Technology Equipment

Determining the key factors for development of a standard tesv&uwating the variable
rate technology and its equipment has been done by Shearer et al.WBeo)n, they
have reviewed an existing set of standards in the ASABE frarkewhich have an
impact on variable rate technology. They found that three exist8AB& standards can
be used to evaluate a variable rate technology product with thidtting needed to

accommodate for variable application rates. The three standards evalasted w

1. ASABE S341.3 Feb1999 - Procedure for measuring distribution uniformaty an

calibrating granular broadcast spreaders.

2. ASABE EP371.1 - Jan 2001 - Procedure for calibrating granular applicators.

3. ASABE EP367.2 - Jan 2002 - Guide for preparing field sprayer calibration.

Shearer et al's (2002) evaluations showed that the test stastiadd be based on the
controller response against the product distribution and that a sgtooédures to
evaluate the controller response was not available. Shearer(20G2) also suggested

that for addressing the issue of product distribution, or more sanhleeent delay in



some application systems, the ASABE standards mentioned above neadexh 1@
accommodate evaluating the quality for application rate changddferent precision
farming areas. Moreover, these standards were for steéatty systems. Shearer et al.
(2002) suggested that one approach to evaluate granular application wouspéeifypa
2D collection pan arrangement for measure changes in the &jplicates and criteria
for evaluating the transport lags from the point of meteringdgifaen to the actual
application device. This review suggests that the delay tinhe$ferent components of a
variable rate system are to be accommodated and based on tlstgridatds need to be

developed for different variable rate technology applications.

2.2 Factors Affecting Lag-Time of Inline Injection Sprayers

Researchers in the field of precision agriculture and moreifigadly in the field of
variable rate technology application have tried to evaluate indivichraponents of the
commercially available variable rate technology equipment. Vaki&ion was based on
performance, response time, dynamic characteristics anilag3ome researchers have
benchmarked different commercial available variable rate ctersobnd associated
components. Zhu et al. (1997) investigated the factors affectingghenies of inline
injection sprayer systems for one boom section. The factors combsidernavestigation
were the total number of active spray nozzles, size of the boom, shargyeund speed,
and the product viscosity. They used different liquids with visessih ranging from 1
to 98 mPa s. Most pesticides have viscosities within this raRgsticide injection
occurred at the center of the boom and was regulated by a Raver08¢&e controller

depending on the desired application rate and ground speed. The effluxespray



nozzles were collected and the concentrations were measuredetmidet change in
concentrations at different nozzle locations on the boom section. Bte were
conducted for two boom section diameters of 1.1 and 2.1 cm, differentigest
viscosities, and different number of active nozzles. For evety ttge measurements
were made by fixing a particular set of active nozzlegdfiboom section diameter, and
fixed pesticide viscosity. The first measurement was mabdenwhe ground speed
changed from 1.6 to 6.4 km/hr in 5 s and the second measurementagasvhen the
ground speed changed from 6.4 to 1.6 km/hr in 5 s. These measurementsaderto
determine the influence of speed variation on lag times. Zhu e19897) found that
viscosity plays a very minor role and does not affect theidag thuch though there were
changes in travel speed, where as the cross sectional diah#terboom had a great
impact on the lag time for the end nozzle in the boom. There was fld increase in
lag time for a two fold increase in diameter. This lag tiwaes significantly higher than
the lag time measured by changing the tractor speed fraer dit6 to 6.4 km/hr in 5 s or

6.41t01.6 km/hrin5 s.

2.3Lag-Timeand Charge-Time of Inlinelnjection Sprayers

In another study, Sumner et al. (2000) said that for variable eatendlogy to be
successful for pesticide application, lag and charge timegeattion sprayers would be
important criteria. He defined the lag time as the time batvtiee time of injection of the
chemical and the time it reaches the nozzle and the chargas the extra time required
by the chemical at the nozzle to reach a desired concentrdi measure these times,

Sumner et al. (2000) developed and used a string collector system aswteddae lag



and charge times for two spray booms. This system used stircgdiect the dye which
was sprayed from one nozzle of the boom section. The distribution aythen the
string was captured and analyzed by a commercially avas#inhg analysis system and
software to determine the lag and charge times. The lagréinged from 0.2 sto 4.6 s
for a one nozzle to eight nozzle boom and charge time ranged froma®%4 for the
same nozzle range. The lag time and the charge time did nyotmueh with changes in
flow rate, but increased with the number of nozzles in the boom setherreason for
wide range of measured value for lag and charge times Wwange in number of nozzles
in the boom. The measured lag times using the string collectensysd similar values
as compared to the theoretically estimated lag times whichflese rate and volume for
calculating the lag time, thereby establishing the cretliloli string collector system for
measuring lag and charge times. This study showed that as the injectionisydtea to
the nozzle and if the flow rates are high enough, then there woldddéag. The focus
of these studies was on the delay involved in injection sprayernsydbet did not
address variable rate technology equipment used for changilsgofatee total volume

applied. These delays are inherent in the variable rate controller itself.

2.4 Static and Dynamic Response Time of Variable Rate Controllers

Yang (2000) studied a commercially available variable raistroller and found
interesting results with respect to the static and dynassjonse times when being used
for a variable rate application for two liquid fertilizers. Heed a FALCON controller
system along with the other variable rate application equipmerst.cohtroller provided

feasibility to tune proportional, integral and derivative paramdteget optimal initial



and steady state responses for a desired change in the inpnmeéethe parameters
were fixed, response time was measured for different applicatites and priming
conditions. Here, priming is a preparation process that involves rggand running the
system with the same liquid chemical and at desired flowbeftae it could be used for
collecting data with actual experiments there by reduciegsurement errors. Priming
with desired application rate was done before each test that needbddnge in
application rate. Tests were done with different applicatiom chtinges from 0 to 150
I/ha, 0 to 300 I/ha and O to 450 I/ha. With each change in applicationh@t®ydtem was
primed to the desired rate before the test. The dynamic resporesef the controller
was around 0.5 s and the controller took around 2 s to stabilize aqtneed rate. In
another test, the target rate was fixed to 360 I/ha and the primasglone at different
levels for each test. Yang (2000), observed that when the print@gvess above the
desired rate, the overshoot was almost 100% and the time takeéabitizieg was 4.5 s
as compared to 1 s when the priming rate and the desired rateslmest same. For a
test where the priming rate was 240 I/ha and application hateged from 240 I/ha to
480 I/ha, the rise-time increased proportionally between 1 s to 4.5 svithutno
overshoot. In a similar test, where the priming was done at 48@mthdahe rate varied
from 480 I/ha to 240 I/ha, it was seen that there were large oversimubistook a lot of
time to stabilize at the desired rate when it was low. YE&U§O0) observed that, in
general there was a 1 s delay when a rate changed and rncaim&ant for 4 s,
irrespective of whether the rate was changing in the upwardvamvdard direction. All
the tests indicated that the dynamic controller response tilay @eas around 1s.

Additionally, Yang (2000) also observed that the delay in GPS posigiahithhave an



effect on the application accuracy in case of map based prescriv&ble rate

application.

2.5 Time-Delay in Pressure Based Variable Rate Application

As discussed earlier the application accuracy of variablagelt@ology equipment could
depend on the GPS response time and its accuracy. Much researctemhaomhe to
determine the effect of inherent delays in GPS and the deldlgsn control valves used
for variable rate application. The main aim of the researchtwéisd the quantitative
error between the desired and actual application rates. Accoodiuggiund and Ayers
(2002), the agricultural industry’s use of variable rate technolo@head of scientific
research and that there exists no verification of the accusbdye variable rate
technology system as a whole. Much field research has been donertoidetthe yield
differences with and without use of variable rate technology equipmeder the
assumption that variable rate technology equipment works properlyurchgnd Ayers
(2002) found that there was a need for an extensive performanog t&sa variable rate
sprayer system with respect to the spraying amount and locakimh would lead to
standard test procedures for evaluating commercially availablabie rate sprayer
system. Anglund and Ayer (2002) found that in the case of pressweé basable rate
application of liquid chemicals; there was an average of 0.5 s GPS lag and around 1.5 s of
control valve lag. So a total of 2 s lag was compensated by prggeammed “look-
ahead” time in the controller in case of map based variat#eteahnology equipment.
Anglund and Ayer (2002) conducted field tests of commerciallylawai variable rate

technology equipment consisting of a Raven SCS 750 spray controltertral @rogram



from Mapinfo Corp to determine the desired application rate baseanap and current
position, a Trimble AgGPS 132 GPS receiver, a Raven speed sensarRaven RFM
200 flow meter as controller sensor inputs. They used a Campbettifci2X micro-
logger to log the data from sensors which indicated the change icatiopl rates at
different times and positions. The GPS position data and the loggedrdatathe
Campbell Scientific 2X micro-logger were brought to a common base and analyzed.
The analysis found that the application rates were within 2.25% oflébeed rates
which is reasonable. The delay involved in GPS was around 0.5 s aneldlgdbecause
of the control valve was 1.5 s. The software used allowed for thiagsef a “look-
ahead” time for compensating the delays involved. This compensatiord vioaul
reasonable if the same components were used to build the variabléechhology
equipment. Practically this would not be possible to effectively wvegable rate
technology equipment if the compensation time has to be found and sehdycting
experiments for each variable rate controller. Moreover, theafladlook-ahead” time
makes sense only if it is a map based variable rate appticéti real-time sensor based
variable rate application, the concept of “look-ahead” time compgensadannot be used
though one could place the sensors ahead of application point. Though thien€Rg)
would not exist in these systems the demand for a control vallieaiaw response time

is real so that the application errors are within reasonable limits.

2.6 Variable Rate Technology in Agricultural Applications

Variable rate technology equipment and variable rate applicatibeimng practiced in

different agricultural fields. Some of the common agriculturabarwhere variable rate

10



technology application is being used, are in granular fertilizelicgtons using spinner
spreaders and pneumatic applicators, liquid chemical and Zertiipplication, site
specific weed management application, and variable rate sregldertilizer application
for citrus groves. Researchers have developed different technigegaltate and find
the response time of rate controllers in different agricultural apgreatSui et al. (2003)
developed an optical method to determine the time delay of spit@ysysed in the field
of variable rate liquid chemical application, where three diffeckhemicals were being
applied at different rates at the same time. To simulate ditwation, three different
colored dyes were used for application. The dye solution flowing otlheonozzles

during the tests were collected into 10 ml cuvettes. Speatalysas was done to
determine the concentration of the dyes obtained from different esozzZlhe

concentrations of the dyes were related to the time requirethdodyes to reach the

nozzles when the flow rate changed.

In another application, Fulton et al. (2005) studied the rate response drihble rate
technology equipment for granular application. They used two spinnerpdeaders and
two pneumatic applicators. Each applicator was fitted with diftecontrollers and
drives. Pan tests were conducted in the field using the modifié@BEStandard S341.2
test protocol for variable rate application using the variableteztenology equipment.
Different variable rate technology equipment yielded differesulte and different
response times. Fulton et al. (2005) observed that in case of granuleataps, there
were cases where the rate transition times were quite Higthwin turn dictated the

spatial resolution. Fulton et al. (2005) predicted that higher ground speét be an

11



issue in case of granular applications and should be reduced to egghlication errors.
Because of the variable response times in different applicastedf and with varying
agricultural applications using the variable rate technology equipnfilton et al.
(2005) suggested that the manufacturers of the variable rate wghneduipment
specify the transition and delay times to the end users. Busajhlighted the need for

having a standard procedure for determining and specifying these values.

2.7 Dynamic Perfor mance Benchmarking in VRT Equipment

The research experiment results from Anglund and Ayer (2002) shdwaedhe time
delays for components in a variable rate technology system &eedtf A majority of
the delay was caused by the control valve which was around 1.5 sassretk by
Anglund and Ayer (2002) in their application. Over time, researdierame interested
in studying the technology used in the existing variable ratentdogy equipment and to
see if the components used were optimal for the application. Numstodi®s and
benchmarking of components used in variable rate technology equipmenimaee.
One study on the butterfly control valves used in the variablageal@mology equipment
is of particular interest. Cugati et al. (2006) conducted a réseardhe steady state
response and the dynamic response of two different types of conitvek wased with
commercially available variable rate technology equipment. Onéeotantrol valves
was a hydraulic flow control valve which was DC motor driven drel dther was a
solenoid flow control valve. These valves were used for tests invdhable rate
technology equipment used for variable rate application in citrus gré&egati et al.

(2006) concluded that the dynamic behavior of the valves and other compandrés i

12



variable rate technology equipment had a very high impact on thermparfce and
accuracy of the variable rate technology equipment thus affetite spread pattern of
the granular fertilizer on citrus groves. Cugati et al. (200@eements measured the
steady state response times and the dynamic response tithe two types of valves
selected. The DC motor controlled valve was rotated to a peersieed angle of 1.5
degrees by applying a voltage to the DC motor and the flonchatieges were recorded.
Tests were repeated for different angles or valve positionslaBimsts were performed
on the solenoid control valve. The results showed that the steaelyostavior for both
valves was linear, but there was no flow observed from the stgmbinmt of O degree to 3
degree angle in case of the DC motor controlled valve. It wascddiserved that the
hysteresis of the DC motor controlled valve was higher thahdf the solenoid valve.
With the data acquired from the experiments, the time delaycalaslated for both the
control valves. This time delay was the time from issuinge@change command to the
time when the flow rate changed because of the movement of liree ¥ar both the
valves, the dynamic behavior was linear. The response for botrswademodeled as a
first order transfer function. Interestingly, the delay time dadtime constant measured
for both the valves were different. The delay time and the tonstant in case of the DC
motor controlled control valve were 0.08 s and 0.04 s respectively whbkesdslay time
and the time constant in case of the solenoid valve were 0.04 s androdpi2dively.
Cugati et al. (2006) suggested that the valve with smaller omgtant and smaller delay
time would aid in a better closed loop control and thus suggestedstnatf solenoid
control valve was better than the DC motor controlled valve in casevariable rate

application system.
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Another experiment conducted by Cugati et al. (2006) tried to benkhhmadynamic
performance of a commercially available variable rate obetr and associated
components for variable rate fertilizer application in citrus gso¥ée bench-marking as
done earlier with respect to two different types of comma#ycavailable valves, was
repeated with the other components of the variable rate equipmédns éxperiments,
the triggering modes of variable rate technology equipment werregeld for a desired
rate change and the dynamic performance was evaluated. €ught{2006) found that
the performance of the variable rate technology equipment teddsr real-time sensors
was better as compared to the variable rate technology equipiggeted by GPS. This
implied that the GPS delay does affect the dynamic performahtiee variable rate
technology equipment. With all these results, Cugati et al. (20@&)lwded that the
selection of components that are used to build variable rate techirgylsggm have an
impact on the overall performance of the variable rate technolpgipreent. From the
experimental results, Cugati et al. (2006) concluded that the \aniat# technology
equipment which had solenoid valve for flow control, a high resolutiondemcand a
system triggered by real-time sensors for a rate changénbdzbst overall performance
in the variable rate application and in particular for variable agiplication for citrus

groves.

2.8 Resear ch Focus

As technology advances faster than ever, so do the applicatieesl mn these
technologies. The present commercially available variableteatenology equipment is

complex with many different components. Moreover, the functioning of eadheof
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components depends on the response of other components or to be more thaecif
“response time” of the other components. This ultimately detesmihe ability of
variable rate technology equipment to perform at the desired Jogdeally a variable
rate application system is based on a sensor input or based onrgp{wesmap. This
involves various components of the variable rate technology equipmemidikievigor
sensors, flow sensors, pressure transducers, GPS sensors, grounsespees] wiring
harness, rate controller, flow control valves, injection sprayenstipn box / interface
modules, console / virtual terminal, on-board computer running the cpntgiam etc.
All of the components involved operate on the inputs from the other. Thissntieat
there is a high level of interdependency among the components antetigaista time
delay involved due to the inherent characteristic of the componentdélag due to the
dependency on the other component or because of certain other dinsitalfiuch
research has been done to determine the response times of indiachjanents that
make up the variable rate technology equipment. That is, individualrcésen injection
sprayers, flow control valves and to a certain extent on rate-dentral different areas
of variable rate technology applications has been conducted. Therbdwveo specific
studies or measurements done in the area of application of liquidamtfertilizer using
commercially available real time sensor based variable t@thnology equipment.
Moreover, not much research has been done to measure the delay invobeld of the
individual components and also the overall VRT system, especiallyh valiethe
individual components of VRT system work together to achieve dinealvariable rate
application as desired, with set spatial resolution. Owing to thenenisrsaving potential

both economically and environmentally with regard to the efficientofisgtrogen as a
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fertilizer, the performance expectation and demand on variabke tethnology

equipment used for nitrogen application becomes extremely important.

As seen in previous sections, one of the important factors affepérfigrmance of
variable rate technology equipment used for nitrogen applicatidmeiselsponse time.
Measuring the response time of variable rate technology equipmeaitfais nitrogen
application involves, measuring individual delay times which add up tooveeall

response time of the variable rate equipment, starting from the time whémeesensor
senses a change in plant characteristics to the time whenecihangte is actually

achieved. This involves measuring:

1. Time between a change in sensor signal (which demands a ragerhad the

time it takes to reach the program running on an on-board computer sigd@on

for triggering a rate change.

2. Time taken by the on-board computer program to trigger theoateoller for a

desired rate change.

3. Time required by the rate controller to change the desired flow rate.

4. Time required for the actual flow rate to match the desired flow rate.
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Time required by the rate controller to change to the desiredrfitexdepends on type of
controller and options available on the controller to change control speexdponse
time of the controller itself. Depending on the measured tot@lonse time of the
variable rate technology equipment, it is possible to determirikigftime is small
enough to satisfy the set spatial resolution for variable rategen application in turn

determining the maximum application speed.

2.9 Resear ch Objective

The objectives of this research are:

1. To measure the response time of a commercially available rate canirithie¢wo
different control valve configurations: pulse width modulated technoloigy

fixed orifice nozzles and a fast-close valve with variable orifice nozzles.

2. To determine the optimum rate-controller parameter setting résatits in a

minimum response time for the two applicator configurations.

3. To measure overall response time for the two applicator aoafigns using the

determined optimum controller setting when used in a sensor based VRM.syste
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CHAPTER IlI

MATERIALS & METHODS

3.1 VRT System Components

A VRT system consists of several different components like lemsors, ground speed
sensors, hand-held computer that converts sensor value to fedperation rate, rate
controller, pressure transducers, spray nozzles, etc with theampli rate controller

being at the heart of VRT system.

A test sprayer was equipped with a VRT system using two reliffeapplicator
configurations at different times. A Raven SCS 440 (Raven IndsisBieux Falls, SD)

rate controller (figure 1) was used to control rate changes to the applictms.

ﬁ
i
SCS440

Figure 1 Raven SCS-440 application rate controller console.
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Two different applicator configurations were used on the test epray determine
performance by measuring response time. The first applicatorgooation (PWM-
Applicator) consisted of a Synchro System (Capstan Ag Sysfeopgeka, KS) pulse
width modulation (PWM) flow technology that adjusted nozzle solenoid crdle with
fixed orifice nozzles (StreamJet SJ3-04, TeeJet Sprayistei®g Company, Wheaton,

IL) (figure 2).

<— (Capstan Solenoid Valve

<——Teejet Fixed Orifice Nozzle

Figure 2 TeeJet StreamJet SJ3-04 fixed orifice nozzle and Capstanideigve.

The second applicator configuration (FC-Applicator) consisted a$tactose (FC) valve
(Raven Industries, Sioux Falls, SD - P/N 1-063-0172-170) (figuretB)wariable orifice
nozzles (TurboDrop Variable Rate — TDVRO02, GreenLeaf Technolo@msngton, LA)

(figure 4).
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Figure 4 TurboDrop TDVRO02 variable orifice nozzle (yellow) for metewuiity an

oversized StreamJet nozzle (blue) to generate a pattern.
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The system had a RFM 60P (1-60 GPM Poly) flow-meter (Rawedustries Inc, Sioux
Falls, SD — P/N 1-063-0171-793) (figure 5) to measure flow inbtheem and provide

feedback to rate controller.

Figure 5 Raven flow meter RFM 60P.

An optional pressure transducer from Raven (Raven Industries Inc, Badisx ND)
(figure 6) with range of 0 to 700 kPa (0-100 psi) measured thsysees the boom for

display on rate controller console.

Figure 6 Raven pressure transducer.
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3.2 Raven SCS 440 Rate Controller

A Raven SCS 440 rate controller (Raven Industries Inc, Sioux Balswas selected for
performance evaluation (figure 1). It provided precise autometicoontrol and could be
pre-programmed with two separate application rates as welkk@pt application rates
from a serial input (Raven Part #: 016-0159-822). The Raven contrueéd four
parameters of control valve that directly affected response tatled VALVCAL
number consisting of 4 digits. Parameters that could be contimtlelanging the digits

were:

Digitl: Valve Backlash — Controls the time of the first caticet pulse after a change in

the correction direction is detected. Range: 1 to 9 (1 — Short Pulse, 9 — Long Pulse).

Digit2: Valve Speed — Controls the response time of control valvermRange: 0 to 9

(O — Fast, 9 — Slow for FC Valve and 0 — Slow, 9 — Fast for Standard Valve).

Digit3: Brake Point — Sets the point at which control valve motginsebraking, so as
not to over shoot the desired rate. The digit is the percent awaythe target rate.

Range: 0to 9 (0 = 5%, 1 = 10%, 9 = 90%).

Digit4: Dead Band — It is the allowable difference between #rget and actual
application rate, where the rate correction is not performedgeRdnto 9 (1= 1%, 9 =

9%).
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The rate controller accepts the target volume per area tprages either directly from
the console or from a software command via serial interfacelaathatically maintains
the flow regardless of vehicle speed or gear selection byotlord a motorized control
valve. Actual volume per area being applied is displayed atrakton the console. The

SCS 440 also functions as an area monitor, speed monitor, and volume totalizer.

3.3PWM-Applicator (PWM Control with fixed orifice nozzles)

PWM-Applicator consisted of a Synchro System (Capstan Age®wst Topeka, KS)
pulse width modulation (PWM) flow technology that received a rigtegasfrom the rate
controller and determined a pulse duty cycle (DC) necessary ty tppldesired rate
(figure 7). The system orifice was sized so that a 100% R@iged the largest rate
requirement. Lower rates were then achieved, not by closing @, \mlt/by an automatic
adjustment of the solenoid duty cycle with fixed orifice nozzlegug 2) (StreamJet
SJ3-04 Teeldet Spraying Systems Company, Wheaton, IL). All plunasbmgonents of
PWM-Applicator were of 5.1 cm (2 in) diameter. The sprayer hddydraulically
powered centrifugal pump capable of producing pressures up to 700kPa (100 psi).
Eighteen fixed orifice nozzles were mounted on 0.51 m (20 inch) spaearga 9.14 m

(30 feet) wide boom. The controller was plumbed into the system aiathg an
independent flow meter and an optional pressure transducer (figurgaig flow into

the boom was controlled as desired by installing a manual 3-\galater valve after the
pump. The flow meter provided information to the Raven controller about the flow rate in
the boom by generating pulses. The chosen flow meter generatedsé2 pat gallon.

The Raven controller then calculated and controlled the duty cycteeosignal that
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controlled the opening and closing of solenoid controlled nozzles dependitige on
desired flow rate trigger, the flow rate measured from flostemand the ground speed.
The ground speed input to the Raven controller was set inside the Raveterdoy the

speed simulation feature. Water was used in place of nitrogen fertilizéir tiests.
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Figure 7 PWM-Applicator (Capstan PWM control with TeeJet fixed orifizezles).
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3.4 FC-Applicator (FC Valve with variable orifice nozzles)

FC-Applicator consisted of a fast close (FC) valve (Raven Indastbioux Falls, SD -
P/N 1-063-0172-170) with variable orifice nozzles (TurboDrop Variable Rate
TDVRO02, GreenLeaf Technologies; Covington, LA) mounted on the boonrdfigju All
plumbing components of FC-Applicator also were of 5.1 cm (2 in) dianaete the
sprayer had the same hydraulically powered centrifugal pump eapdbbroducing
pressures up to 700kPa (100 psi). Eighteen TurboDrop Variable Rat¢R0OPDvariable
orifice nozzles were mounted on 0.51 m (20 inch) spacing over a 9.14 reet3Qvide
boom in a similar fashion as PWM-Applicator. The controller wasnpked into the
system along with an independent flow meter and an optional pressmusducer (figure
8). Liquid flow into the boom was controlled as desired by installimgaaual 3-way
regulator valve after the pump. The flow meter provided informatmrihe Raven
controller about the flow rate in the boom by generating puldes.ciosen flow meter
generated 72 pulses per gallon. The Raven controller then calcutatedoatrolled
position of the Raven fast close (FC) valve depending on the désiredhte trigger, the
flow rate measured from flow meter and the ground speed. The groeed isyput to the
Raven controller was set inside the Raven controller by the groweet spmulation

feature for both applicator configurations.
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3.5 Data Acquisition System

The main aim of the data acquisition system was to measspenge time of the rate
controller for the two applicator configurations seen in figu@nd figure 8. In order to
measure the response time, the data acquisition system haduee dhe application rate
change trigger command coming to the rate controller via setefface and also the
actual application flow rate in the boom which was a square wagadncy output from
a flow meter along with time stamps at 10 Hz. Response time was thieciween a rate
change trigger command and the time when the application rdte bobom stabilized to
within 1 % of the desired rate. The data acquisition systemchacquire the application
flow rate data at 10 Hz so that measurement of response tameagcurate to 0.1 s.
Additionally, pressures at start of boom section and at the end of becenmeasured
from an analog voltage output from pressure transducers mounted on the boom plumbing.
A National Instruments USB-6210 (National Instruments Corp, Austin, d@da
acquisition (DAQ) device (figure 9) was used to acquire daten fthe pressure
transducers and from flow-meter. A looped program developed iNIE&W software
(National Instruments Corp, Austin, TX), was used for logginggurestransducer and
flow meter data at 10 Hz acquired by USB6210 device through USBapdralso to
capture the application rate change command to Raven controll@riakisterface. The
software program was developed in such a way that it captlirsgyals along with

time stamp which made response time analysis easy.
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3.5.1 Hardware

The USB6210 features up to 32 analog input (Al) channels with 16 datluteon and
aggregate sampling of 250 KS/s, up to two analog output (AO) chanpeis eight lines
of digital input (DI), up to eight lines of digital output (DO), and two 32 bit counters. O
counter was used to measure application flow rate by measherduty cycle of square
wave frequency output coming from flow meter. Two analog input chanmgés used to

measure the pressures at the inlet and end of boom.

Figure 9 USB 6210 Data acquisition system.

To measure application flow rate in the boom, a higher resolution tufloiwemeter

from Racine Federated Inc (Blancett Model 1100, Racine Fedénatelacine, WI) was
used (figure 10(a)) that generated a 5V square wave at 238 rHitepg901 Hz per
gallon) of fertilizer flow. The measurement range of the fioater was 3.8 to 190 I/min

(1 to 50 GPM). The output of flow meter was interfaced to DAQ W8B6counter to
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measure period of square wave and there by measuring actual applicationdlow rat

() (b)

Figure 10 (a) Blancett flow meter (b) MSP300 pressure transducer.

Two pressure transducer MSP300 (Measurement Specialties Imptétga VA) with
range of 0 to 700 kPa (0-100 psi) (figure 10(b)) measured presdteeiatet and end of

boom.

3.5.2 Software

Acquired data from DAQ USB6210 device were logged by a progtemeloped in
LabVIEW running on a laptop through USB interface. The programwhile loop that
iterates every 0.1 s and reads off the values from DAQ andsaeéns the serial port to
see if a rate change command was sent to rate controller ogsdthese values
synchronously along with time stamp in a data file. The progdam @nverted raw
values in hertz and volts read from DAQ device for flow meter owpdtpressure into

physical values as I/min and kPa respectively before loggingthetalata file. Trigger
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command for application rate change that was sent to Raven tmmératording to the
specified format via serial interface was tapped by alsdaita tap (figure 11) and was

captured by the running LabVIEW program through laptop’s serial icterfa

Figure 11 RS 232 Serial port data tap.

LabVIEW data file was opened by MS Excel application fothierr data analysis. Data
acquisition program developed in LabVIEW with its front panel andkbtbagram is
shown in Appendix A and Appendix B respectively. Figure 12 shows data iéioquis
system installed with FC-Applicator VRT system. One pressaresducer is installed
after the pump and at the inlet to the sprayer boom and anothetalfethat one end of
the boom. Blancett flow meter was plumbed in between Raven flow aredeRaven FC
valve (figure 12). All signals were wired to appropriate cledgon DAQ device using
shielded cables to reduce signal noise. DAQ device had a USBao# to the laptop
running LabVIEW software program.

The wiring diagram and configuration of data acquisition syste&SB8210 interfaced

with flow meter and pressure transducers is shown in Appendix C.
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3.6 Rate Controller Inputs

Application rate change commands were triggered via serialfaogerto the rate
controller from a programmable interface controller (PIC) Whas programmed to send
commands in specified format. The chosen PIC was 18F4520 (Microchimdlegy
Inc, Chandler, Arizona, USA) that had a RS 232 serial interfaseadtprogrammed in C
language to send different step rate changes to ratobentRate changes were chosen
based on expected rate changes observed in as applied data lgletedalhile variably
applying fertilizer using an RT200 VRT system. Two types ¢# change commands
were sent to the controller. These changes simulated map and sassor VRT
applications. The map based simulation consisted of a single rate changantbwith a
step change of 47 liters per hectare (I/ha) (5 GPA). Tieecaanmand alternately stepped
up and down every 20 seconds between 141 and 188 I/ha (15 and 20 GH#. In t
simulated sensor based VRT system the rate change commarskntasvery second
with rate changes in smaller steps than 47 I/ha (5 GPA) for atthdeconds. The data
for this were obtained from an as-applied output file from an astrador-based VRT
system. The target application rate ranged from 103 I/ha (11 @PZ)6 I/ha (22 GPA)
with an average of 168 I/ha (18 GPA). The maximum rate change stepeing up was
45 |/ha (4.8 GPA) and while stepping down was 44 l/ha (4.7 GPA). Formattr
change command sent via serial interface is shown in AppendRIO® program for
simulating map based step input is shown in Appendix E and programsitimaates

sensor based variable rate input is shown in Appendix F.
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3.7 Data Collection

Two types of rate change commands were sent to both applicatagucatibns and data
was collected using LabVIEW program for each applicator cordtgan and each type
of rate change input. Data were collected for different rateratart parameter settings
as discussed in section 3.2 that determined response time for eheplicator
configurations. For each step test, the sprayer system wds toarun at a known
application rate. A rate change command for a desired applicesistriggered from the
PIC to the rate controller and synchronously data logging fronsymes$ransducers and
flow meter was done using LabVIEW program for 20 s and then anadtee change
command was triggered which brought back the application rate gmairivalue and
data was logged for another 20 s. The above procedure was repaatdifferent
VALVCAL settings on the Raven rate controller that controlledponse time and
stability of the controller. The rate change command for step oifariged between 141
and 188 I/ha (15 and 20 GPA). In the second type of input, a sensor basesyat&n
was simulated where the rate change command was sent egenglgrom PIC with rate
changes in smaller steps than 47 I/ha (5 GPA) for around 240 secoratstafrtdm flow
meter and pressure transducers was logged synchronously using Lab\dg\ahprThis
VRT input test was also repeated for different VALVCAL isgfton the Raven rate
controller. For both types of inputs and for both applicator configurations da
measurements and logging was done with a fixed set of VALCAlRnmpeters. Valve
backlash digit was set to 0 and dead band digit was set to 1 feeadurements. First set
of measurements was made by keeping the valve speed digindt \2arying the brake

point digit from 0 to 9. The next set of measurements was ma#ledping brake point

34



digit at 2 and varying the valve speed digit from 0 to 9. Everysareaent in both
applicator configurations was done for the step input rate cha@ngeél/ha (5 GPA) and
also for variable rate inputs that varied every second with emstiép size. Sprayer
ground speed was simulated at 9.7 km/h (6 mph) in the rate contrsiltgy its self test
feature for all tests. An optimum controller setting that tesluin a minimum response
time for both applicator configurations and for both types of rate change inputsumas f
by analyzing the data log files. Response time was the lbebeeen a set point rate
change trigger and when actual flow rate in the boom reached aizstato within the
dead band. Measurements were done once for every VALVCAL settishgoa each

applicator configuration resulting in one data file for each measurement.

3.8 Overall Response Time M easur ement

This section describes a method to measure the overall respoasert FC-Applicator
setup. The setup uses a fast close valve with variable onbeeles with optimum
controller setting which was determined that resulted inranmam response time. FC-
Applicator system (figure 12) is extended with a sensor ba&&d 3ystem. Application
rate changes triggered by PIC are replaced by applicationhatges triggered by actual
real-time on the go sensors (figure 13). Sensors used areette ggeker sensors from
actual RT200 VRT system (NTech Industries Inc Ukiah, CA). A rglatform with two
different colored clothing on top of platform is rolled under greeaker sensors of
RT200 system to simulate a trigger for application rate charue instant (time stamp)
at which green seeker sensors sensed a change in colotngaeafor rate change and

is captured by digital input channel of USB6210 DAQ device with bk of a
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mechanical push button switch. Data from the green seeker sensonverted to a
desired rate by an algorithm running on a Recon hand held PC (figur&he Recon
sends a rate change command to Raven rate controller \ahisemiface in the specified
format which was earlier simulated by PIC after it reedia change in color indication
from green seeker sensors. This command is synchronously captureab¥%IEW
program along with the time stamp by scanning the serial Ploet.delay time between
green seeker sensor sensing a color change and time watndchange command was
sent to rate controller, is measured by calculating the diferen time stamps between
the two events after analyzing the data log file. Oveeslponse time is the sum total of
this delay time and the response time of rate controller mebsupgevious steps for the

two applicator configurations.
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CHAPTER IV

RESULTS & DISCUSSION

4.1 Controller Response Timefor PWM-Applicator System for Step Input

Table-1 shows controller response time for the PWM-Applicatoresystonsisting of
pulse width modulation (PWM) flow technology with fixed orifice noszieeasured for

different VALVCAL settings. These results are for a step input rategghaommand.

VALVCAL Digit Response Time, s
Backlash Speed Brake-Point Dead-Band Step-Up Step-Down
0 0 2 1 1.7 1.7
0 1 2 1 1.4 1.5
0 2 2 1 1.7 1.6
0 3 2 1 1.7 1.9
0 4 2 1 2.0 2.3
0 S 2 1 3.1 4.5
0 6 2 1 4.2 6.1
0 7 2 1 6.4 7.4
0 8 2 1 9.0 12.0
0 2 0 1 1.6 1.9
0 2 1 1 1.7 1.8
0 2 2 1 1.7 1.6
0 2 3 1 2.0 9.0
0 2 4 1 13.4 15.7
0 2 5 1 22.0 25.0

Table 1 Controller response time for PWM-Applicator system foriafag.
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Response times for speed digit 9 and for brake point greater thaneSvery high and
are not shown in table 1. The best response time for step input ragee deammand with
PWM-Applicator was 1.5 s for VALVCAL number 0121 (table 1). For lower numbers of
valve speed and brake point digits, the step-up and step-down timeweErst same.
But for higher numbers of valve speed and brake point digits, the stapdugtep-down
times were quite different. As seen in table 1, in most dasdsgher numbers, the step-
down time was higher compared to step-up time. A sample of di¢ated using data
acquisition system for response time measurement for step input wittk WAL 0121 is

shown in figure 14.
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Figure 14 Controller response for step input to PWM-Applicator with VALVQA21.
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The actual application rate displayed a high frequency componenPWIM-Applicator
(figure 14). As a result, response time for PWM-Applicator cpm@ition for step input

was measured by a curve fitting technique on measured flownr#ftea that used a 5
point moving average function (figure 15). This smoothing function used a moving
average method where each smoothed value was determined by namllada points
defined within the span that was 5 points. The smoothing process was weighted hecause
regression weight function was defined for the data points contaiti@d the span. The
regression weights for each data point in the span were calculatieel foiydube function

shown below.

X —Ii

d(x)

343
n )

w_z[l_

x was the predictor value associated with the response valgestodothed, xi were the
nearest neighbors of x as defined by the span and d(x) wasthecg along the abscissa
from x to the most distant predictor value within the span. Thepadatd to be smoothed
had the largest weight and the most influence on the fit. Datdgspmutside the span had
zero weight and no influence on the fit. A weighted linear lsqatires regression was
performed. Response time was the time between a set poinhaaige trigger and when

actual flow rate in the boom reached and stabilized to within 1% of set point value.
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Figure 15 Controller response time measurement with 5 point moving averagean act

application rate.

4.2 Controller Response Timefor PWM-Applicator System for VRT Input

Table 2 shows controller response time for the PWM-Applicataesysonsisting of
pulse width modulation (PWM) flow technology with fixed orifice noszieeasured for
different VALVCAL settings. These results are for variabéerinput with the rate

change command sent every second.

VALVCAL Digit Response Time, s

Backlash Speed Brake-Point Dead-Band

0 0 2 1 0.5
0 1 2 1 0.5
0 2 2 1 0.6
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0 3 2 1 0.6
0 4 2 1 0.6
0 5 2 1 0.8
0 6 2 1 0.9
0 7 2 1 1.0
0 8 2 1 1.6
0 9 2 1 2.7
0 2 0 1 0.5
0 2 1 1 0.6
0 2 2 1 0.6
0 2 3 1 0.6
0 2 4 1 1.8
0 2 5 1 2.3
0 2 6 1 2.7
0 2 7 1 3.1
0 2 8 1 3.2
0 2 9 1 3.7

Table 2 Controller response time for PWM-Applicator system foabéirate input.

The best response time for PWM-Applicator with variable mgpeiticommand was 0.5 s
for VALVCAL number 0121 (table 2) which was also the best VALMCAumber for
step input rate change (table 1). A VALVCAL number of 0201 alsdtezlsin response
time of 0.5 s (table 2). A sample of the data collected usingdtee acquisition system
for response time measurement with variable rate input for VAANGQ121 is shown in
figure 16. In this case, response time was the time betwsenpaint rate change trigger
and when actual flow rate in the boom reached the set point valuendthed used to
measure controller response time for variable rate inputréfigi6) was different
compared to method used to measure controller response time forpstepAs the data
for measured flow rate were collected at 10 Hz, this dfataeasured flow rate as seen in
figure 16 was shifted back (lagged) by 0.1 s and correlated witposet data. The

number of shifts that resulted in a maximum correlation was coedider be the
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response time. This time was then calculated in seconds liplmnog the number of
shifts by 0.1 to get controller response time in seconds. Thithe@assponse time where
error between the target and actual application rate wabkeatminimum and the
correlation between the target and actual application ratatthe maximum. Figure 17
shows actual application rate graphed as a function of the setgpalication rate with
no lag for variable rate input sent every second to PWM-Applizeitor VALVCAL —
0121. Simply lagging the actual application rate by 0.5 seconduagrthe regression
results (figure 18). Actual application error was calculateddoypparing the root mean
square error of actual application rates against set-point apipticate for all data points
collected. The actual application error with no lag was 15.5 ¥YiaGPA) whereas the

application error with 0.5 s lag was 13.2 I/ha (1.4 GPA).

43



Application Rate (I/ha)

240

— Actual Application Rate (I/ha)

220

[
Q
Q

=
00
Q

=
&)
Q

=
B
Q

120

100 T T

Set Point Application Rate (l/ha)

) 20 40 60 80 100

Figure 16 Controller response for variable rate input sent every secondMeApylicator with VALVCAL 0121.

Time (s)

44

120

140



250

i
£ 200 -
- y=0.8413x+ 29.115
= R2=0.5454
o
2
2 150
=
S
=
b1t
2
=
£ 100 -
=
=
i)
F

50

o

0] 50 100 150 200 250

Set Point application Flow Rate (l/ha)

Figure 17 Actual application rate v.s. set point application rate with no lagfiable

rate input to PWM-applicator with VALVCAL 0121.

250
©
£ 200
= y=0.9249x + 15.047
bt R2=0.6612
k]
o
3
£ 150 A
=
k=
=
o
RS
s
& 100 A
=
=
=
Q
<

50 -

0 T T T T

0 50 100 150 200 250

Set Point application Flow Rate (l/ha)

Figure 18 Actual application rate v.s. set point application rate with 0.5arlagriable

rate input to PWM-Applicator with VALVCAL 0121.

45



4.3 Controller Response Timefor FC-Applicator System for Step Input

Table 3 shows controller response time for the FC-Applicator mystsisting of the
Raven fast close (FC) valve with TurboDrop TDVRO02 variable orificezles measured

for different VALVCAL settings. These results are for a step imgt& change command.

VALVCAL Digit Response Time, s

Backlash Speed Brake-Point Dead-Band

0osC

OSC

OSC

OSC

OSC

OSC

OSC

2.1

3.6

5.1

OSC

OSC

OSC

OSC

2.5

2.8
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NIN[N[N[N[N NN NN o|o|N|o|o| M |w|N k| o
olo|N|o|u|slwiNdiRoINdINdININd NN I
R RRr R R RRRIRIRIRIRIRIRIR IR IR IR R R

Table 3 Controller response time for FC-Applicator system forisprp.
* OSC indicates oscillating flow
As seen in table 3, for most of lower valve speed and brake poitg,digg Raven FC
valve was unstable and flow to the boom oscillated. These situarendepicted as
‘OSC’ in the ‘Response Time’ column of table 3. Though the flow wasables with

faster valve speeds (<6), increasing the brake point helgkiiz the system as seen in
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table 3 for VALVCALs 0241 and 0251. The best response time for FC-Agpptievas

2.1 s for VALVCAL number 0721 for step input rate change commaaiale(t3). A
sample of data collected using data acquisition system for resjpmiesameasurement for
step input with VALVCAL 0721 is shown in figure 19. The high brake puwias too
much compensation for fast valve speeds. Controller response diméALVCAL
numbers with higher brake point digits 0261, 0271, 0281 and 0291 was very higle for rat

change command that stepped from high to low and was not considered.

220

200 4

Application Rate ( I/ha)
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Figure 19 Controller response for step input to FC-Applicator with VALVCOA21.

A sample of oscillating flow rate in the boom for step input ca@nge command for an

aggressive VALVCAL number of 0021 for FC-Applicator is shown in figR@e The

frequency of oscillation was 1 Hz in all the ‘OSC’ situations.
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Figure 20 Oscillating controller response for FC-Applicator step iniht w

VALVCAL 0021.

In case of FC-Applicator configuration too, response time wagirie between a set
point rate change trigger and when actual flow rate in the boohe@a@nd stabilized to
within 1% of set point value. Response time was directly meagtoedthe collected

data as there was no noise induced as in case of PWM-Applicatemsthat used PWM
technology and there was no need to use any curve fitting techniqeenfsared to the

PWM-Applicator, response time for FC-Applicator while steppipgand while stepping

down was the same.
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4.4 Controller Response Timefor FC-Applicator System for VRT Input

Table 4 shows controller response time for the FC-Applicator mystsisting of the
Raven fast close (FC) valve with TurboDrop TDVRO02 variable orificezles measured
for different VALVCAL settings. These results are for vareabhte input with the rate

change command sent every second.

VALVCAL Digit Response Time, s

Backlash Speed Brake-Point Dead-Band

osC

OSC

OSC

OSC

OSC

OSC

OSC

0.6

0.9

1.6

OSC

OSC

OSC

OSC

OSC

1.4

2.8

2.8

2.9
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Table 4 Controller response time for FC-Applicator system for variabdé input.
* OSC indicates oscillating flow
As seen in table 4, for most of the lower numbers of valve speddaddjibrake point
digit, the Raven FC valve was unstable and flow to the boom oscilldtede situations

are depicted as ‘OSC’ in ‘Response Time’ column of table 4. Thedmsonse time for
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FC-Applicator with variable rate input command was 0.6 s for VALYGWmber 0721
(table 4) which was also the best VALVCAL number for step inatg change (table 3).
A sample of the data collected using data acquisition systemrefponse time
measurement with variable rate input for VALVCAL 0721 is showiigare 21. Even in
this case, the response time was the time between a set gteirthange trigger and
when actual flow rate in the boom reached the set point value. Eh®dnused to
measure controller response time for variable rate input fohpjflicator system (figure
21) was similar to the method used to measure controller resporeséoti variable rate
input for PWM-Applicator. As the data for measured flow rateewsllected at 10 Hz,
this data of measured flow rate as seen in figure 21 was shifted &ggkd) by 0.1 s and
correlated with set point data. The number of shifts that relsuftea maximum
correlation was considered to be the response time. This timeheascalculated in
seconds by multiplying the number of shifts by 0.1 to get contradigponse time in
seconds.

This was the response time where error between the targattad application rate was
at the minimum and the correlation between the target and agplatation rate was at
the maximum. Figure 22 shows actual application rate grapheduastaon of the set
point application rate with no lag for variable rate input sent egegond to FC-
Applicator with VALVCAL 0721. Simply lagging the actual applicatioste by 0.6
second improved the regression results (figure 23). The actual éippliearor with no
lag was 12 I/ha (1.3 GPA) whereas the application error witls (a§ was 8.5 I/ha (0.9

GPA).

50



Actual Application Rate (I/ha)

=
=

=

”U_L"MHH_
—=
—3

i

—

e S A m——

= N

S —

-

R ==
= _—— N

| —

__m 5
ey -
“I.“m“mmumu

E——— |
h"rl

F =
) .ﬁnnn%.hﬂ

. —
— MI._
Il_-_Hﬂlﬂﬂ"rﬁ-l
e
S s s
.
e

Set Point Application Rate (I/ha)

= 3m———

—=aml__
[ [ [ [ 0 | [
o O O = ) o O @)
= ~ o &0 s = ~ o
~] ~d = =4 = — —

2 v
(ey/|) 1Y UOITEI|dCY

200

180

160

140

120

100

30

60

40

20

Time (s)

Figure 21 Controller response for variable rate input sent every seconeApfi€ator with VALVCAL 0721.
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4.5 Controller Response Time Comparison

The response time for a step input of 47 I/ha (5 GPA) was githate the response time
for variable rate input where the steps were smaller than 4I/G&A) for both PWM-
Applicator and FC-Applicator. The VALVCAL digits that resulted a minimum
response time were quite different for both applicator configuratiéios PWM-
Applicator configuration, the minimum controller response time ocduatdower valve
speed digits with fixed brake point digit of 2. For FC-Applicator,rtheimum response
time of controller was at higher valve speed digits with a fizeake point digit of 2.
Table 5 shows the VALVCAL number and minimum response times for lpp#s tof
inputs for PWM-Applicator that consisted of Capstan pulse width modul&PWM)
flow technology with fixed orifice nozzles and FC-Applicator tbanhsisted of Raven

fast close (FC) valve with TurboDrop TDVRO2 variable orifice nozzles.

Response Application

Applicator  Input VAIE‘)YCi:tAL Time, Error,
g s IIha
Backlsh Spd Brake-PtDead-Bnd
PWM Step 0 1 2 1 1.5 12.0
Variable 0 1 2 1 0.5 13.0
FC Step 0 7 2 1 2.1 7.0
Variable 0 7 2 1 0.6 8.5

Table 5 Minimum controller response time for PWM-Applicator and FC-Applica

systems with step and variable input and respective VALVCAL digits.
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Even though we deemed 0.5 s and 0.6 s as the response time to apURfBNPPWM-
Applicator and FC-Applicator systems respectively, (table b®th systems did not
actually hit the desired rate and there was an applicedtenerror of about 5-8% on an
average in both configurations. The response time for simulated dsasent variable
rate changes was 0.5 s for 0121 VALVCAL number with PWM-Applicatorfiguration
(table 5). The root mean square application error was 13 |/ha (1A4. Gimilarly,
response time for simulated sensor based variable rate changeCfApplicator
configuration was 0.6 s and the corresponding VALVCAL number being.did2this
case, the root mean square application error was 8.5 I/ha (0.2 BRAseen that though
PWM-Applicator consisting of Capstan pulse width modulation (PW&y technology
with fixed orifice nozzles had a slightly lower response titmen FC-Applicator that
consisted of Raven fast close (FC) valve with TurboDrop TDVRO02 variakfice
nozzles, flow rate and pressure were more stable in FC-Ampliead the root mean
square error was less by 4.5 I/lha (0.5 GPA). The result shows @ajpplicator
configuration is better suited for sensor based variabldeadtiézer applications where a
rate change is triggered every second with rates changinggifes steps than 47 I/ha (5

GPA) between 103 I/ha (11 GPA) to 206 |/ha (22 GPA).

From table 5 it is seen that there was a big difference in response tisteganput of 47
I’/ha (5 GPA) for both applicator configurations. PWM-Applicator peridrwvell with a

response time of 1.5 s as compared to FC-Applicator with responsetithl s. The
root mean square application error for PWM-Applicator was 12 ¥I8aGPA) where as

the root mean square application error for FC-Applicator wabha/ (0.8 GPA). This
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showed that PWM-Applicator had a smaller response time bugrlaplication error
where as FC-Applicator had a larger response time but smplMication error. This
result of higher RMS application error with lower response tim&WM-Applicator
could be attributed to the fact that PWM-Applicator displayed gh Hrequency
component in flow rate and pressure in the boom that contributed to lagbleration

error.

4.6 Boom Pressuresin PWM-Applicator System
Pressures at inlet of the boom and at one of the ends of the boom KbAB@icator
system were captured by the data acquisition system and ah&fypae 24), for the

determined optimum VALVCAL number of 0121.
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Figure 24 Boom pressures in PWM-Applicator system.
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Pressures at inlet and end of the boom displayed a high freqoempponent for PWM-
Applicator system. We believe this high frequency component watdhe alternating
pulses with PWM signal that controlled solenoid valves. However, eve mot sampling
fast enough to verify this. There was an average pressure fd20pk&a (3 psi) from the

inlet to end of boom.

4.7 Boom Pressuresin FC-Applicator System

Pressures at inlet of the boom and at one of the ends of the bodft-#pplicator
system were also captured by the data acquisition systemnahaed (figure 25), for
the determined optimum VALVCAL number of 0721.
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Figure 25 Boom pressures in FC-Applicator system.
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Pressure at inlet of the boom did display a high frequency companweR€C{Applicator
system but did not vary much, as compared to the PWM-Applicator.ukeesisend of
the boom was much stable and did not display a high frequency component. There was an
average pressure drop of 40 kPa (6 psi) from inlet to the end of boom wamsctiouble
as compared to PWM-Applicator. We believe this was because of the presguie BC

valve.
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CHAPTER V

CONCLUSION

Response time of commercially available real-time sensodb#&R& equipment with a
Raven SCS 440 rate controller was evaluated with two applicatefigarations:
Applicator equipped with Capstan PWM technology with fixed orifice leszand an
applicator equipped with Raven FC-Valve with variable orifice leszzZPressure, flow
rate, controller input from the sensor system were measuacketbgged along with time
stamps using a data acquisition system. The logged dataawalezed to determine if
the applied rate correctly followed the desired set-point mtésthere was any delay in
overall response time of VRT equipment for different settingshef rate-controller.
Results also showed that rate controller settings were dlitfeior both applicator
configurations for achieving minimum response time of around 0.5 — @6\&afiable
rate input. It was seen that though PWM-Applicator consistingagistan pulse width
modulation (PWM) flow technology with fixed orifice nozzles hadslahtly lower
response time than FC-Applicator that consisted of Raven fast @t@jevalve with
TurboDrop TDVRO02 variable orifice nozzles, flow rate and pressure were stable in
FC-Applicator and the root mean square error was less by 4.50l5h&GPA). Results
implied that controller settings varied with the type of appdicaonfigurations used and

corresponding minimum response time had to be determined for eafofpucation for

optimum performance of VRT equipment. Results showed that FC-Applicator

configuration was better suited for sensor based variableersitee&r applications where
a rate change is triggered every second. There was a bigeddéein response time for

step input of 47 I/ha (5 GPA) for both applicator configurations, whé/®Applicator

58



performed well with a response time of 1.5 s as compared to FCeAppliwith
response time of 2.1 s. This showed that PWM-Applicator configuratsrbetter suited
for map based variable rate fertilizer applications whemgechange was triggered less
often in bigger steps. This work would aid in determining minimum dpasalution

achievable for variable rate application using commercial VRT equipment.
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CHAPTER VI

FUTURE WORK

This research evaluated the response time of rate controllerwglee with two different
applicator configurations. These applicator configurations are commzag in map
based and sensor based VRT equipment, where rate change inputsrdatbecaume
frequently and with different magnitudes. This research did not eealin&t total
response time of real-time sensor based VRT equipment framseSt ‘Spray’. Future
researchers in this area could evaluate the overall resparseftithis real-time sensor
based VRT equipment. A brief methodology to evaluate this was discussedan SeBti
With the results of my research as baseline, future reseadgctests could be conducted
with different and faster components of the applicator system. @s$ts tould be
conducted by using faster valves, newer technology nozzles and othereWdR€
equipment and bench mark the response times measured. The rateecamgsall for my
test was a SCS440 Raven controller. Researchers could also eisentibllers from
different vendors which provide more user control options for controlliageésponse
time and perform tests to find out combinations of VRT componentsebalt in lower
overall response time. Another area of interest would be to sahepfeow and pressure
in the boom at a much higher rate for PWM-Applicator as compartustoesearch so
that one could better analyze the flow and pressure dynamite iRWM Applicator

system that used Capstan PWM flow technology.
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APPENDICES

Appendix A: Front Panel of LabVIEW Data Acquisition Program
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Appendix C: Wiring Diagram of NI USB-6210 Data Acquisition System

NI USBEZ10 DATA ACQUISITION DEVICE PINOUT LABEL

23 456 7 8 91011121314 1516(17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

1
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Appendix D: Raven Controller Rate Change Command Serial Data For mat

For changing RATE1 CAL on SCS 440 Raven Controller by remote computer, through

RS-232 serial interface, following needs to be done.

Configuration:
Baud Rate: 1200 or 9600
Parity: NO
Data Bits: 8

Stop Bits: 2

Data stream from Remote Computer to Raven Console:
All request strings have to begin with $R, to indicate a Raven communication string i
the format shown below

$R, RC, <rate_1_cal> <CR> <LF>
For example to change RATE 1 in Raven Controller to 123.4 following string has to be
sent

$R, RC, 1234 <CR> <LF>
Here <CR> and <LF> are carriage return and line feed commandstreslye The unit

for RATEL is pre-selected by Raven Controller Console.
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Appendix E: PIC Program for Simulating MAP Based Step | nput

#include<18f4520.h>

#device ICD=true

#fuses HS, NOLVP, NOWDT, PUT
#use delay (clock=20000000)

#use rs232 (baud=9600, parity=N,STOP=2,xmit=PIN_C6,rcv=PIN_C7)

void main()
{
int i
unsigned int16 des_val[256] = { 200 150 }; // Desired Application Rate
WHILE (TRUE)
{
for (i=0;i<2;i++)
{
delay_ms(20000);
printf ("$R,RC,%Id\xOD\x0A",des_val[i]);

}
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Appendix F: PIC Program for Simulating Sensor Based Variable Rate | nput

#include <18f4520.h>
#device ICD = true
#fuses HS, NOLVP, NOWDT, PUT

#use delay (clock=20000000)

#use rs232 (baud=9600,parity=N,STOP=2,xmit=PIN_C6,rcv=PIN_C7)

void main()

{

inti;

unsigned int16 des_val[256] = {220 201 216 196 196 196 177 196 181 196

181 1v7 177 177 181 155 140 144 164

172 181 172 181 177 177 159

186 159 148 151 159 181 181

168 177 181 164 151 137 151

148 130 137 140 140 148 151

196 168 177 196 181 177 196

164 144 144 159 151 164 172

201 201 211 217 209 209 196

151 159 164 172 186 196 217

201 201 186 186 196 177 206

186 206 194 179 179 217 206
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168
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WHILE (TRUE)

{
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for (i=0;i<256;i++)

{

delay_ms (1000);
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printf ("$R,RC,%Id\x0D\x0A",des_valli]);

}
}
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Appendix G: MATLAB Program for frequency analysisusing FFT

0%%%
% Flowmeter Signal analysis using FFT to determine

%9%%%% %% %% %% %% %% %% % % %% %% %% %% %% %% %% % %% %%
Fs = 10; % Sampling frequency

T =1/Fs; % Sample time

L = 1414; % Length of signal

%%%0% %% %% % %% % %% % %% % %% % %% % %% %% %% %% %%
% Actual Flow Rate GPA

0%%%

Aa = xIsread( 'sample' ,4);
Aa= Aa(;,1);
Aa = Aa((1:L),1);

t = (0O:L-1)*T; % Time vector
figure(1);

% Plot the signal in time domain

subplot(2,1,1);

plot(t(1:L),Aa(1:L));

titte(  'Flowmeter Signal' );

xlabel(  'Time (seconds)' );

ylabel( 'Flow Rate (GPA)around Desired Rate' );
NFFT = 2”nextpow2(L); % Next power of 2 from length of y

Y = fft(Aa,NFFT)/L;
f = Fs/2*linspace(0,1,NFFT/2);

% Plot single-sided amplitude spectrum.

subplot(2,1,2);

plot(f,abs(Y(1:NFFT/2)));

title(  'Single-Sided Amplitude Spectrum of Flowmeter Signa )
xlabel( 'Frequency (Hz)' );

ylabel( ‘|Flow|" );

%0%0%0%%%% %% %% %0%%% %% %% % %% % %0 %% %% %% % % % % %
% Pressure P1

0%%%

Aa = xIsread( 'sample' ,5);
Aa= Aa(:,1);
Aa = Aa((1:L),1);

t = (0:L-1)*T; % Time vector
figure(2);

% Plot the signal in time domain

subplot(2,1,1);

plot(t(1:L),Aa(1:L));
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title(  'Pressure Signal P1' );

xlabel(  'Time (seconds)’ );
ylabel( 'Pressure P1 psi' );
NFFT = 2”nextpow2(L); % Next power of 2 from length of y

Y = fft(Aa,NFFT)/L;
f = Fs/2*linspace(0,1,NFFT/2);

% Plot single-sided amplitude spectrum.

subplot(2,1,2);

plot(f,abs(Y(1:NFFT/2)));

titte(  'Single-Sided Amplitude Spectrum of Pressure P1 Sig nal' );
xlabel( 'Frequency (Hz)' );

ylabel( |P1]" );

%0%0%0%%% %% % %% %0%0%% %% %% % %% %% %% %% %% % % % % %
% Pressure P2

%%%

Aa = xIsread( 'sample' ,6);
Aa= Aa(;,1);
Aa = Aa((1:L),1);

t = (0O:L-1)*T; % Time vector
figure(3);

% Plot the signal in time domain

subplot(2,1,1);

plot(t(1:L),Aa(1:L));

titte(  'Pressure Signal P2' );

xlabel(  'Time (seconds)' );

ylabel( 'Pressure P2 psi' );

NFFT = 2”nextpow2(L); % Next power of 2 from length of y

Y = fft(Aa,NFFT)/L;
f = Fs/2*linspace(0,1,NFFT/2);

% Plot single-sided amplitude spectrum.

subplot(2,1,2);

plot(f,abs(Y(1:NFFT/2)));

title(  'Single-Sided Amplitude Spectrum of Pressure P2 Sig nal' );
xlabel( 'Frequency (Hz)' );

ylabel( '|P2]" );
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Abstract:

Real-time sensor based variable rate technology (VRT) equipsaamplex
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components questions the credibility on performance of sensor basedematisn
available VRT equipment and its overall response time. Responsetioommercially
available real-time sensor based VRT system was evaluatid two applicator
configurations: Applicator equipped with Capstan PWM technology fed orifice
nozzles and an applicator equipped with Raven FC-Valve with vamaifilee nozzles.
Parameters pressure, flow rate, controller input from the seystem were measured
and logged using a data acquisition system. The data were ah&bydetermine if the
applied rate correctly follows the desired set-point ratestbere is any delay in overall
response time of VRT equipment for different settings of thea@téroller. Results
showed that rate-controller settings were different for both @gipli configurations for
achieving minimum response time of around 0.5 s. This work will aidterrdening the

spatial resolution for variable rate application using commercially VRipeugnt.



