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Abstract

Planting is one of # most critical fieldperationghat can highly influence early
season vigor, final plant density and ultimately potential crop yield. It is the opportunity to
place seeds at a uniform depth and spacing providing them the ideal environment for proper
growth and development. keever, inherent field spatial variability could influence seed
placement and requires proper implementation of planter settings to prevent shallow
seeding depth, sidewall compaction and uneven spacing. The overall goal of thiswresearc
is to evaluate theesponse of the planter and crop to downforce control system
implementation across a wide range of machine and field operating conditions. Planting
operations were performed in corn production fields using a Horsclenamplanter wit
12 row units equippewith a hydraulic downforce system capable of implementing fixed
and active downforce settings.cistommadedata acquisition system was developed to
record sensor data at 10 Hz sampling frequency.

From this study, the following celusions were drawrkirst, soil texture and soll
compaction due to tractor tires influenced +@ale gauge wheel load (GWL).
Implementing a fixed downforce setting with target GWL set at 35 kg showed that 25% of
the total planting time GWL was less th@nsuggesting areasgpited with uncertain
seeding depth due to potential loss of ground contact of the gauge wheels. Likewise, fewer
row units per section could provide lower variability in GWL indicating the need for an
automatic section control to maam target GWL withiran acceptable range for all row
units. Second, implementing an active downforce setting showed no significant difference
between downforce A (63 kg) and downforce B (100 kg) on plant spacing, although

downforce setting B resulted tggher plant spacing aaracy. Higher variability in spacing



was observed when ground speed is over 12 kph. To achieve desired seeding depth,
downforce greater than 100 kg is needed when ground speed is over 7.2 kgfil dielclo

and when ground speedaser 12 kph on strigilled field. Third, response of row units
segregated in sections revealed that row unit acceleration on wing, track atrdcakon
sections increases with speed. Stilled soil exhibited lower row unit acceleration by

18% comparetb notill soil. Finally, a proofof-concept sensing and measurement (SAM)
system was developed to calculate seed spacing, depth atodcgegon of corn. This
system could provide reéime feedback on seed spacing and depth allowing appropriate
downforce control system manageent for more consistent seed placement during
planting.

In summary, advances in planter technology paved the way for the addition of more
row units across on the planter to increase planting productivity. With increasing width of
planter toolbar, each rownit may need different downforce control to varyinddiand
machine operating conditions. Appropriate downforce control management dieuld
implemented to compensate for increased dynamics of planter row units across a highly

variable field conditionso achieve the desired seed placement accuracy.
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Abstract

Planting is one of the most critical field operation that can highly influence early
season vigor, final plant density and ultimately potential crop yield. It is the oppgrtinit
place seeds at a uniform depth and spgaingiding them the ideal environment for proper
growth and development. However, inherent field spatial variability could influence seed
placement and requires proper implementation of planter settings tenprghallow
seeding depth, sidewall compacti@nd uneven spacing. The overall goal of this research
Is to evaluate the response of the planter and crop to downforce control system
implementation across a wide range of machine and field operating cosdi@nting
operations were performed in comoguction fields using a Horsch resvop planter with
12 row units equipped with a hydraulic downforce system capable of implementing fixed
and active downforce settings. A custom made data acquisition systemeveloped to
record sensor data at 10 Hzrgaing frequency.

From this study, the following conclusions were drawn. First, soil texture and soil
compaction due to tractor tires influenced +@ale gauge wheel load (GWL).
Implementing a fixed downfoe setting with target GWL set at 35 kg showeat 25% of
the total planting time GWL was less than 0 suggesting areas planted with uncertain
seeding depth due to potential loss of ground contact of the gauge wheels. Likewise, fewer
row units per sectiooould provide lower variability in GWL indicatinthe need for an
automatic section control to maintain target GWL within an acceptable range for all row
units. Second, implementing an active downforce setting showed no significant difference
between dowrdrce A (63 kg) and downforce B (100 kg) on plapiacing, although

downforce setting B resulted to higher plant spacing accuracy. Higher variability in spacing



was observed when ground speed is over 12 kph. To achieve desired seeding depth,
downforce grear than 100 kg is needed when ground speecdeis©2 kph on naill field
and when ground speed is over 12 kph on iltgrd field. Third, response of row units
segregated in sections revealed that row unit acceleration on wing, track atrdcakon
sedions increases with speed. Sttieed soil exhibited lower row unit acceleration by
18% compared to noll soil. Finally, a proofof-concept sensing and measurement (SAM)
system was developed to calculate seed spacing, depth adcgegon of corn. Tis
system could provide reéime feedback oneed spacing and depth allowing appropriate
downforce control system management for more consistent seed placement during
planting.

In summary, advances in planter technology paved the way for the addnameof
row units across on the planter to increplsating productivity. With increasing width of
planter toolbar, each row unit may need different downforce control to varying field and
machine operating conditions. Appropriate downforce control manageshentd be
implemented to compensate for incredslynamics of planter row units across a highly

variable field conditions to achieve the desired seed placement accuracy.
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Chapter1-l nt roducti on

1.1 Background

Agriculture and its allied industry i®ne of the largest sectors that fuels the
economy othe United Statewith farming contributing tmver $1.053 trillion to the gross
domestic product in 201{USDA-ERS, 2019h) Of the 315 million acres forcropland
over89.9million acreswereplantedwith corn making ithe primary produced feed grain
in the US(USDA-ERS, 2017a)Corn is processed intordde varietyof food and indstrial
products including starch, sweeteners, corn oil, beverage and industrial alcohol, and fuel
ethanol(Figure 1.1)
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Figure 1.1. Industrial uses of domescally produced corn in the US(USDA-ERS,
2019a)
Corn supply for use in various applications have been declining since 2015 with
usage showing a consistent incregdirend in decades (Figure 1.2) presenting the need to
improve current level of production affently to sustain the demand for this highly

valuable commodity.
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Figure 1.2. U.S. corn supply (a)and usage (b USDA-WASDE, 2019)

In 2019, farmers produced 13.7 lbih bushels spending over $61 billion in
production costsNearly 30% of the total operating coatcounts for seeds which is the
second most expensive inpoext to fertilizer. Thus, seeds not properlytilized or
singulatedduring planting couldesult n two scenarios; 1) growers tend to plant more than
what is needednd 2) total plant populatias compromisedaffectingyield at the end of
the seasarboth of which can potentially reduce income of growers.

With increasingglobal demand for fek fuel,and food further research iseeded
to develop efficient crop production practices aoptimize advancedagricultural
machinerytechnologiegrovidinggrowersthe strategies to cut cosits orderto sustain or

furtherimprovefarming productivityand prditability withoutadding much tanputs

1.2 Row-crop planter

The technological advancement of mechanical row crop planters Ihese
remarkable since the humble beginning of the first John Deere planters in the late 18th
century (Mowitz, 2018). Over thyearsthe sizeof plantershave dramatically increased
and numerous technologies have been developed to continuously impronterpla

operationaperformance in the field.



A row crop planteris an implement typicallfowed behind a tractazonnected
through the drawbar or tlitareepoint hitch Planter size is characterized by the number of
row unitsmounted across the toolbahich usuallyvaries from4 to 54 row units (Figure

1.3) with row spacing ranging frog0, 22, 30 iches.

Figure 1.3. Size of row crop planter from (a) 4 row units to (b) 54 row units (Photo
courtesy of deere.com)
The primary goal offow crop planteris to place individual seeds along rows

precisely at the desired spacinglatepth. Therow unit ofa row crop planteconsists of
four major systems or mechanisrts accomplishthe planting process.
1. Metering system

Metering the seeid one of the most crucial component of a planter. Seeds must
be singulated consistently at esjuspacingbased on the desired seeding rate. Typical
metering systems ariinger pickup type or vacuum meter (Figure 1.Bngerpickup
meters are capable of metering individual seeds of various shapes and sizes without
changing he seed platé&Seed idrapped beteen the finger or cup and stationary plate as
fingers rotates inside the metering assembly. Spring tension holds the seed securely until it
reaches a discharge hole where is dropped into the seed delivery systecoulm wneters
this systenuses differat seed plates depending on the crop but metering seed is more

accurate than finggick up metersA partial vacuum keeps the seeds secure in the holes



or slotsof the meteringdisk. As the metering disk reaches the discharge hole, a seed

extractor interupts the vacuum allowing the seeds to fall into the seed delivery system.

Figure 1.4. Two types of seed metering system. The vacuum (a) and finger pickup
(b) (Photo courtesy of Kinze.com
2. Seedlelivery system

As the seed plate or metering disk rotatepicks up one seed and discharges it
into a holepassinghrougha seedielivery systemvhere it guides the se@uto the furrow.
The purpose of this systeismito deposit the sesan the bottom of the trenctranslating
the accuracy of the seed metering system to accurate seed pla@doreay et al, 2006)
Two common types of delivery systems for a typical row crop plantgraviy type seed
tube (Figurel.5a)andseed conveyor belt system (Figure 1.3b)a gravitytype system,
seeds fall straighinto the seed tubt the groundSeed bounce off the wall of the seed
tube before dropping into the grounduld potentidly affect seed spacingspecially if
planing rough terrains at high ground speed#$e other type of seed delivery system is
the seed conveyor belt system (Figdréb). Itwas developeds an improvement to the
gravity type systemnwhereit uses érushor paddlesattached to aonveyorto carry seeds
after it exits the seed metering systdrheconveyorcarries the seed at equitiervalsand

discharge the sedd the trench once ieacheshe opposite enaf the conveyor.



Figure 1.5. Gravit;1 type (a) and the seed conve;t/’or beltype (b) seed tubes.
3. Furrow openerand depth control system
Seed needo be place@dtadepthwhere there is enough moisture to achienaper
emergence. Thepening disksare reponsible for creating a “‘ghapedurrow while the
gauge wheel controls the seeding d€ptgure 1.6) Planters are equipped with mechanism
to changethe seeding depthvhich depends on actual field conditions at planting
Sometimes, a furrow cleaner is d¢e remove residues, weeds atlder debris on the soil

surface ahead of the openidigks.

Figure 1.6. Basic components of a planter row unit



4. Furrow and seed covering system

Proper germination aneimergenceequiregood sed-to-soil contact. After seed is
placed n the furrow, a seed covering deviceused to provide theeeded seedb-soll
contact by covering the pited seed with soillThe furrow closer or closing whedlsigure
1.6) are designed to closee furrow aul firm the soil removing air pockets around the seed
providing ideal seed germination conditions. In addition, splaeters use press wheels
(Figure 1.6)to prevent seeds from bouncing around the furrow upon extiegeed tube
by gently pressing eacleedinto the bottom of the trench.

1.2.1 Downforcecontrol system

Row crop planter must place all seeds nearly at the same depth and equal spacing
along the rows. To achieve this, the opening disesthe weight of the row unito
penetratghe soil creatig aseedfurrow at the right depthThe gauge wheels controls the
furrow depth as it prevents the opening discs from getting any déeess weighacting
onthe gauge wheaels it rests on the guad surface is called the gauge wheel load (GWL).
Due tovarying soil resistancen the opening disacross the field, weight of the row unit
could be inadequatehich could result to the gauge wheels losing ground contact leading
to shallow seeding deghManufacturers equippedw crop plantes with mecharsm to
apply additional loa@n each row unit to achieve a furrow with tihesiredseeding depth
and able to maintain this depth consistenityossa field with varying soilcompaction,
soil type, andesidue Thisadditionalload together with thdeadweight of the row unit is
called row unit downforce.

Downforce can be applied using three systems: mechanical, pneumatic and

hydraulic.



Figure 1.7. Planter downforce systems (a) Mechanical (b) neumatic and (c)
hydraulic (Photo courtesy of deere.com).

1. Meéhanical system
This system(Figure 1.7a)uses springs to provide the additional load for proper
functioning of hep | a n keycompsnentd.oad is adjusted by manually selecting a
notch a the row unitusing a levewhere each notch corresponds to a certain amount
of additional downforceavith very few increments (0, 150, 250, 350 Ibsjowever,
row unit downforcecan greatly vargyF = kS, Hookes lawyvith this systenmas springs
quickly react (compress or elonggteo varying terrain when plantingesulting to
significantchange in loa@pplied on row units
2. Pneumatic system
This systen(Figure 1.7bJusesrubberairbags usingompressor tdill it with air
whenneededo keep dowforce asuniform as possible as the planteavelsacross
the field. This system is more convenient as downforce adjustment can be made by
the operator insidehe cab.Also, airbag system can provide more consistent
downforce as you can selecnywherewithin the range of row unit additional
downforce(0 to 400 Ibg compared tanechanical downforce systenBauge wheel

sensors provides feedback on row unit dowedowhich can be used to adjust



downforce while plantingHowever, this system is not very responsive daick
changest takes time taeach the desired presswn the airbags.
3. Hydraulic system
Hydraulic system provides fastaeacton time to changing row unit
downforce requirememompared to pneumatic syste(Bhearer & Pitla, 2014)This
system(Figure 1.7c)uses hydraulic cylinders to apply additional downforce on the
row units as necessarBefore planting, a target gauge wheel load is selected which is
deemedio beenoughfor the planter tanaintain the desired seeding deplilring
planting The sytem will maintainthis valueto achieve the desired soil penetration
and consistent plantindepthwithout compacting the sailA gauge wheel sensor
provides feedbackn the gaugevheel loadwhich determines if downforce needs to
be adjusted.This systems advantageousspecially irfields with varyingconditions
(tilage, soiltexture, terrai, residue, etalequiringinstantaneous response titneghe
consantly changing field conditions.
1.2.2 Automatic section control
Row crop plantergan beequippe@ with automatic control section technoloty
improve planting efficiency by reducingrodiction cost and improve productivity.
Utilizing the global positioning system equipped on the planter together with coverage
maps, automatic control section will@alN row crop planters tpreventover plantingby
controlling individual row units or rowunits in sectionduring planting operations.
Typically, field boundaries are planted first then the rest of the field. During planting
operators wouldnanuallyturn an and off the row units across the full width of the planter

as it approaches a plantedto be planted area&t some point, one end of the planter will



begin to overlap with the end rows. Turning off the row units could result in skipped (not
planted) aas while allowing the full width of the planter to meet end row before shutting
off therow units could result in double planted areas (Figure IMBajmizing overlapping
areas would be difficult especially when avoiding skipped areas duringrpaipianting.
Likewise, planting on irregularly shaped fieldsiriting on headland and avaiag
obstructions could also increase swath oveplagdandia et al.2013) Automatic section
control technologyvorks byautomatically shuttingff the sections or rows of the planter

in areas of the field that had been previously plaffedton et al. 2011)and turns those
individual plantersections or rows back @utomaticallywhen areas needed to be planted
are approachefFigure 1.8b)This systentould significantly reduce overlap saving costs
on seedgFulton et al. 2011)and improves yield due to decrease in double planted or

skipped areafvelandia et al., 2013)

a b
Figure 1.8. Manual swath control (a) resulting to areas not plantedor over/double
planted areas Automatic section control(b) of individual rows automatically shutting
off row units as it reaches planted area minimizinghot planted (skipped) and over
planted areas.



Figure 1.9. The effectof automatic section controlin reducing overlap

1.3 Problem Statement

Plantingis one of thesignificant stagein crop productionthat highly influene
potential yield. Accurate and consistent septhcementrequires advanced precision
technologies that is capable of sustaining these desired planting parameters under a highly
dynamt field operating conditionin 2018 the global precision agriculturéendustrywas
worth $5.4billion andprojectedo reach $11.Billion in 2024(IMARC, 2019) Precision
agriculture echnologiegefers to guidance systems of farnrigas farm equipment using
global positioning system (GP$jgoreferencedoil and yieldnapsand variable rate input
systemgqUSDA-ERS, 2016which aimsto maximize food production, reduce production
cost and minimize the effects of over application of inplitee utilization of pecision
plantersprovides operators retime feedback and allow theto make adjustment othe-
go which correspond® the scale of spatial variability present in the field during planting
operationsHence, operato@ecapable of managing stratega®wing them tglacethe
seeds at the right plaeadat the rightime. Planting at the right time involvedservirg

the recommended planting datesprevent potential yield loss due to delayed planting.
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The effect of delayed planting on potentiglg can beinfluenced by shortenegrowing
season increasing the ocance ofinsect and diseasefestation andindesiable weather
conditions duringpollination(Nielsen, 2019)Planting window in Kansas ranges from late
March in southeastern counties to AMdy in the northwest(Roozeboonet al., 2007)
However, with weather uncertainty there will be occasions whexeessive moisture
mostly due to rainsould potentiallyreduce the days suitable for plantifignis situation
may lead growers to performlanting operations outside the mpal plantingwindow.
Previous studies have shown that late planting could potentially reducélyatitet al,
2019 & Nielsen, 2019) Timely completion of planting may also require management
strategy of producers d@be average farming size on U.farms has been increasing
(USDA-NASS, 2014)Such strategy may includlecreasing the planting speed to get more
acres covered per day within the available days of the ideal planting dates. Howésfer, fas
planting speed could result in uneven seeding depth and seed placement especially when
field always vary in terms of soil textyrenoisture, crop residues and terrain. Several
studies have shown thatiformity of plant spacing and emergemeeinfluenced byspeed
eventually affectingotential yield of cornLiu et al. (2004)reported a reduction in yield
by 4.7 bu/acre whesver the time to 50% emergence watagled beyond 3 days and 0.6
bwacre yield loss for every centimeter of standard deviation fhentargeplant spacing.
The poor depth control of the seed¢ifaster planting speedight have caused the delay
in emergnce and variability in spacin@iu et al., 2004) Studies conducted in Kansas
reporteda yield reduction of 2.4 bu/acre for every unit increase in planting spagihg
from 4.5 mph to 7.0 mpWhich can be attributed twon-uniformity in spacing. The study

suggeste@ decrease in seed placement accuracy with increasing speed and suggests that
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variability in spacing might be related to seed bounce in the trenckodolanter unit
vibration (Staggenborg et al2004) Likewise, nonruniform seeding depth have shown to
result in poor crop raergencewhich resulted in reducedrain yield (Cox & Cherney,
2015)

Modern precisioror row cropplanters are capabt# maintaining target seeding
depth and spacing across varyinddieonditions by controlling downforggigure 1.10)
The magnitude of additional load varies on every field and determined during actual

planting operationand field conditions

Downforce = weight of row unit +
externally applied load

Closing

wheel load & disc 1oa§

Gauge
wheel load

Figure 1.10. Load distribution of the row unit downforce during planting.

Excessive application alownforcecould compact the soil potentially affecting
germination and crop development whilet noughdownfore could result to losefo
ground contact of the gauge wheels leadingricertain seeding depth. In a typical field,
spatialvariability like soil texture, moisture, crop residues and terrain could influence the
levels of downforce to maintain the desirsegleding depthTherefore two key planter
performance parameters tle@n highlyinfluence corn stand establishmemd yieldare

GWL and planting speed. The GWL and plantspged determineaguality of crop stand
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such as desired seed density, uniform gmece and planting deptNo single parameter

Is responsible for differences among fields in terms of final stand establishment rather often
a combination of factors during the planting operafipauer & Rankin, 2004 The
objective of this research is to optimize the downforce control system on row crop planters
for accurate seed placemeacross wide range @ield spatial variability during planting
operations.

1.4. Research objectives

This research includes the following specific objectives:
1. Understand downforce variability across a typical field during planting.
2. Quantify the effectof downforce setting angblanting speed on seed placement
uniformity.
3. Evaluate the response of row units on wing, track andtramk sections implementing
an automatic downfae control system.
4. Develop a system to automatically measwattime seed plaament and localization

of corn.
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Chapter2-Re dli me gauge wheel | o0ad

crop planter duting fiel

2.1 Abstract

Planter downforce control allows row units to maintain a target gauge wheel load
(GWL) across a range abil resistance wiiin a field. Downforce control is typically set
for a target seed depth and can be implemented either as fixed or by automatic or active
control to attain the desired GWL. Recent advances allow for the control of individual row
units iro sections for immved GWL application. However, little knowledge exists on
the spatial variability of GWL, rowo-row GWL variability, and on the recommended
GWL control requirements on planters operating in actual field conditions. Therefore, the
objectives of this studwere to 1) quantify redlme GWL variability across individual
row units within a 1zZow crop planter programmed to implement a constant downforce
control during field operations; 2) evaluate gauge wheel load range (GWLR) across
individual row unit andwithin 2-, 3- or 4row control sections to determine the optimal
downforce control section size; and 3) assess the impact of soil texture and soil compaction
due to tire tracks on GWL variability. To address these,-eod2crop plante equipped
with hydraulic downforce control was utilized to plant three fields. The planter was set to
plant corn at 5.2 cm and 5.7 cm depths with fixed target GWL 8étaP3 kg (12-57 kg
and GWLR set at 0 t80 kg A data acquisition system collecteshttime GPS, plating
speed, GWL, hydraulipresure,andplanter toolbar height data at 10 Hz. Rixale GWL
data of individual row units were analyzed to determine the GWL distribution within or
outside the set target GWL. Moreover, GWLR was measuaredlividual row urits and

across varying control section sizes. Soil electrical conductivity (EC) was measured using
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a Veris Mobile Sensor Platform. Soil EC was used in defining zones of low, medium and
high textured soil. Results show that GWL was witthe target rangef 12 to 57kg at

33% of the total planting time across the #hfields and GWLR within O to 45 kat 9%

of the total planting time. Results also indicate that &2nd 4 row control section could
provide GWLR within0 to 45 kgat 76%, 46% and 28% dfhe total planting time,
respectively. These findings suggest the need for automatic downforce system with lesser
number of row units per control section to maintain target GWL within an acceptable range
for all row units. Regressiaanalyses indicate &t soil texture is a significant variable that

can influence redime GWL. Furthermore, compacted soil due to tractor tires contributed
towards significantly lower GWL. Our data suggest the need for an active downforce

control to achiee improved GWL unibrmity under varying fielebperating conditions.

!Results have been published as a{egew paperBadua SA., Sharda, A., Flippo, D.,
& Ciampitti, LA. (2018. Realtime gauge wheel loadhriability of a rowcropplanter during field
operation Trans.of theASABE, 61(5), 1517%1527. doi: 10.13031/trans.12511
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2.2 Introduction

Seeding depth consistency and crop performance early in the growing season such
as crop emergence rate and plantsttgnare key parameters tdemining seeding
performance of planterf®oan et al., 2005and corn final yieldfAssefa et al., 2016)
Uneven seedling emergence cae attributed to nomniform planting depth and varying
field conditions such as distribution of crop residue intillmge systems, seedbed
conditions and seed vigéAndrade & Abbate, 20055tudies have shown the importance
of planting at optimum depth where planting beyond the threshold deptt result in
nontuniform plant energencgOzmerzi et al., 2002Da Silva et al(2004) showed that
planting depth was one of the main factors underlying the emergence and vegetative
development of corn. Achieving the sieed final stand is essential for optimum yields
(Grassbaugh & Bennett, 1998)eep planting could result in decreased emergence and
poor crop developmefiE. Nafziger, 2009)resuting in a 6 to 22% decrease in €Carter
et al., 2019)Similarly, shallow planting may cause poor root growth or no germination at
all.

Planting systems use downforce to providerteeessary row unit load for proper
functioning of the planterds key component :
by the row unit which consists of 1) the weight of the row unit and, 2) externally applied
load or forces. During planting, dovamnce is distributed among the fokey components
of the planter: opening discs, gauge wheels, closing wheels and row cleaners or coulters.
Closing wheels and row cleaners absorb a relatively small portion of downforce, and this
amount stays relatively ostant. Majority of the downforce shared between the opening

discs which requires a certain amount of load to create a furrow at the desired depth for
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seeding and the gauge wheels to maintain the seeding depth. During planting operations,
the opening dic load requirement will vary sigr@antly due to variability in actual field
conditions such as variation in soil texture, moisture, surface residue, topography, terrain,
ground speed, soil compaction from farm machinery movement, and the design of the
furrow opening discs. With a fixedodnforce applied for instance, planting on light
textured soil requires less load on opening discs to create a furrow at the desired depth and
more load will be carried by the gauge wheel. The load on the gauge whakdstoe
gauge wheel load (GWL) drkeeps the gauge wheel in contact with the ground ensuring
desired depth is maintained during planting. On the other hand, creating a furrow on
heavier textured soil requires more load on the soil opening discs thasgethe amount
of GWL. At some pait, the opening discs may require additional load more than the
available GWL and this situation may cause the gauge wheel to lose ground contact which
could result in a shallow planting. The solution is to increasenttoeiat of additional load
appliedont he row unit or sometimes referred to
reach the desired depth and to keep the gauge wheel firmly on the ground. However,
applying too much load could cause deeper seeding depithll as side wall compaction
(Hanna et al.2010)which can lead to poor ob developmen{Raper & Kirby, 2006)
Therefore, it is important teelect the appropriate level of GWhat will allow the opening
discs to have additional load available that it can utilize in any proportion without
compromising seed depth and not causing side wall compaction.

The ability of soil to conduct electric aent is measured by its electrical
conductivity (EC) and typically reported in milliSiemens per meter (mS/m). An electrical

current may be conducted through soil via 1) soil solution of water and ions within a web
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of pores, 2) cations attached to the stefaof clay particles, and 3) sparticles connected

to each other. Research has shown that in most fields, higher EC values are correlated to
higher clay and organic matter contents than lower EC Z@iaahani et al2011)thus
electreaconductivity has a strong correlation to soil particle size and tefiMiarak, et

al., 2009 Grisso et al2009 andLund et al, 1999 and also withsalinity (Denning et al.,

2011) Therefore, spatial soil EC data could be utilized to differentiate soilreextithin

the field. A soil with higher soil EC would require a greater force applied by the opening
discs to open the seed trench which woelduce the load (or force) on the gauge wheels
and vice versa.

Finding an optimum down force can be difficult base planting conditions vary
across the fiel§Sharda et g1.2017) Due to field and soil variability, row units may even
require to be controlledeparately of each other to achieve uniform planting depths
(Buchholz et al.1993) In general, controlling downforce on planters can be imphtgde
either by individual row unit or by contrskections comprising of multiple row units using
tension springs, airbags, or hydraulic cyknsl Generally, soil contact pressure of gauge
wheels is increased by increasing down spring tension througHhepdirdéages which
attach the planter row units to the toolbar fraflleMark Hanna, n.d.)Newer planter
technology utilizes hydraulic cylinder or pneumatic actuators to regulate the transfer of
weight to row units(H Mark Hanna, n.d.jor proper soil contacof the gauge wheels.
Proper planter downforce control mechanisms play an important role in preventing soil
compation and achieving uniform seeding depth. Past research had shown that draft
requirements for opening discs was higher for heag@mparedo lightersoils (Collins

& Fowler, 1993) Varying field conditions require optimum down force management for
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achieving uniform seeding depth. Howevémited published recommendatis for
effective utilization of commercially available technologies and equipment in dealing with
spatial GWL variability prevents producers to determine the appropriate system in
managing GWL variability within a typicaldld during planting operatioriEherefore, this

study was designed with the objective to 1) quantify-tiea¢ GWL variability across
individual row units within a 120w crop planter programmed to implement a constant
downforce control during field operaths; 2) evaluate gauge wheehdl range (GWLR)
across individual row units and withir,23- or 4-row control sections to determine the
optimal downforce control section size; and 3) assess the impact of soil texture and soill
compaction due to tire tracks GWL variability.

2.3 Materials and Methods

Field tests were conducted using ar@® Horsch Maestro 12 30 SW (Horsch
Maschinen GmbH, Schwandorf, Germany) ronep planter with variableate seeding and
automatic section control technology. The plantesis programmed to implement
aubmatic section control for seed drop by shutting individual row motors (BG 45x15 Sl,
Dunkermotoren GmbH, Schwarzwald, Germany) on or off based on the coverage map. The
planter was operated using a John Deere 8270R tracamtePkontrol functionality was
accomplished using a 2630 John Deere (GreeigStBreere and Company, Moline, IL,
U.S.A)) field computer connected to the planter electric control unit, hence forth referred
to as ECU, (Horsch Maschinen GmbH, Schwandorfn@ery) through ISOBUS. The row
units were spaced at 76.2 cm. The planter row units were segregated into four control

sections (Figur@.1).
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Control section Control section Contrel section . Control section Control section
1 2 ; 3 2 _ 4

Figure 2.1. Planter toolbar containing 12 row units numbered 1 krough 12 from left
to right along with hydraulic downforce control section. Each row unit was equipped
with a gauge wheel load sensor and all sections were set at a constant hydraulic
pressure for uniform downforce application.

Control sections 1 and dmprised three row uiteach on the left and right side
of the planter bar. Control section 2 included four row units adjacent to following the tractor
tire tracks (rows 4, 5, 8, 9). Control section 3 included the two rows (rows 6 and 7) in the
middle ceter of the toolbar. Theow units within control sections 1, 3, and 4 did not follow
seed cart and tractor tire tracks, and henceforth are referred to as row unitstoa non
track. The row units in section 2 followed tractor and seed cart tires, aherareforth
referred toas row units on tire track. A hydraulic pressure sensor (HDA 840250161,
Hydac, Glendale Heights, IL, USA) was mounted to measure pressure for each control
section.In order to maintain seed spacing during planter speed taassittCU utilized

feedtack from ground speed radar (Radar Ill, Dickeyn Corp., Auburn, IL, U.S.A),

which was sent to each row motor control module (Horsch Maschinen GmbH, Schwandorf,
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Germany) to generate target motor rpom based on seed population ptangtary gearbox
(PLG 42S, Dunkermotoren GmbH, Schwarzwald, Germany). The seed tube sensor on each
row unit (Hy Rate Plus, Dickeyohn Corp., Auburn, IL, U.S.A.) provided feedback on
seed singulation, doubles and misses, to the field computer.
2.3.1 Planter set up and experinental design

Field tests were conducted with a planter equipped with hydraulic downforce
control. The 4 section control system custom designed and integrated by the manufacturer
was programmable to implement active or fixed downfawstrol. For this stug the
downforce system was programmed to apply a fixed downforce by setting the system to
maintain a constant hydraulic pressure. Laboratory tests were performed using a custom
made downforce evaluation test stgBttasser, 2011p determine the amount of pressure
needed to apply to achieve a certain level of GWL. The test stand suggested a pfessure
5.6 MPa to achievefaxed GWL of 35 kgand this setting was verified at the field prior to
planting. Typical planter setup recommendations from manufacturers and producer
practices were studied to setup the planter for desired seed depth in thendiefior a
assessing therget fixed downforce. The fixed downforce experiments were conducted in
three locations, Field A (7 ha) located at Shannon, KS (39.47686.523484), Field B
(4 ha) located at Clay Center, KS (39.3117686,990277) and Field C (11a) located at
Junction City, KS (39.051095;96.847993). Fields were planted to corn at two different
seeding depths based on the growersdé prefe
plant at a seeding depth aR5m for Fields A and B and.3cm for Field C. The@ nt er 6 s
ECU was programmed to plant the growersoé s

seeds per hectare in Fields A, B and C, respectively. Planting was conducted with an
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average speed of 11.3 kph and ranged from 7.2 kph @kph. The experimentsere

conducted on fields adopting il management system for more than 10 years, varying

soil type (clayloam to sandy loam), and corn following soybeans crop rotation practice.
Previous research have utilized varying levelsafge wheel load and doforce

during field tests which ranges froh8 to 173 kg(Fulton et al., 201mndHanna et al.,

2010) For this study, various producers and collaborators were consulted who expressed

a common planter setup, and based on their qualitative feedbadiarget GWL was set

at 35 kg The GWL was expected to stay witHid to 57 kgduring field operation. Tlsi

+23 kgrange was selected based on previous stBthasser, 201Avhich revealed the

HORXCH systemsdé capability to maintain the

time for near uniform field aaditions. Individual row unit GWL data were analyzed to

guantify the percent time that GWL wapwuithin the target range of 35+23 K@) greater

than target range, and 3) less than the target range. Additionally, all load sensor data points

representing lanter turning with toolbar lifted was analyzed to quantify no load response

during the course of planting. The analysis would emphasize if dlskr@sors consistently

maintained ndoad response and the developed calibration curve truly represented the

gauge wheel loads due to field and operating conditions. The gauge wheel load range

(GWLR) represented GWL difference between the-tmit with highest and the rownit

with the lowest value at any given instance. GWLR would quantify the extent of GWL

variability across the tool bar, and potentially exhibit the need for control sections for

accurate control of target GWLs. A greater ftmarow GWLR \variability would suggest

need for row units control sections for high resolution control during dynamic field

operations. The GWLR was quantified by calculating the difference for all 12 row units as
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well as paired combinations of 2 adjacent rows, 3 adjacavs and 4 adjacent rows. The

2 row combination, referred henceforth as® section control option, wdsr row unit

1-2, 34, 56, 7-8, 910, and 1112; 3 row combinations, referred hereafter-@s\8 section
control, was with row unit -B-3, 45-6, 7-8-9, and 1611-12; and 4 row combinations,
referred henceforth asréw section control option, was for ramits :2-3-4, 56-7-8, and
9-10-11-12. The average GWLR within each section for the different section control
scenarios for each of the threddgewas compared to evaluate appropriate number of rows
for section control with least GWLR. The section cohtvith least GWLR would indicate
downforce control required to achieve as uniform as possible GWL across all row units
within the controlled sein. The average GWL and GWLR from all rows were mapped
using ArcMap 10.3 (ESRI, Redlands, CA, U.S.A.).

Spatal analysis was conducted in ArcGIS 10.3 (ESRI, Redlands, CA, U.S.A.) by
using reclassification; conversion; and clip toolsets in Arc Map 10&ktiact the data
points that falls within each soil texture (soil EC) class for all the fields. Each data poi
that were extracted from each soil texture class were considered as replicate and were used
to calculate the average GWL for each soil EC claswlly, average GWL for row units
on nontire tracks (control section 1, 3 and 4) and tire tracks (cost&olion 2) were
computed for each field. Statistical analysis were performed in SAS University Edition
2016 (SAS Institute Inc., Cary, NC, USA).ulMiple regression analysis between soil EC
and GWL was performed using the proc reg procedure to deterfngal IEC is a
significant variable that can influence real time GWL. Analysis for significant differences
between means of average GWL and soil &l average GWL and tire and rtine tracks

were performed using the proc mixed procedure and Ismeaesetdt. Effects were
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considered statistically significant at the 0.05 level of probability unless otherwise
indicated.
2.3.2 Data acquisition syste
The planter row units were factory installed with load sensors (Model 6784, Horsch
Maschinen GmbH, SchwandpGermany) on each of the 12 row units to measure GWL

(Figure2.2).

Load sensor

Figure 2.2. Load sensor mainted on the cam assembly Iaced across the gauge wheel
arms.

The designed measurement range of load semsmaip to 9,806 N with a linear
response on the scale 628 mA. The load sensors were calibrated in the laboratory using
known weights to read sensor signal versus force fkd\ regression line was fitted to
sensor signal versus force sensor datatwvert the reatime load sensor signal to force
representing GWL (Figur@.3). To measure the applied hydraulic oil pressure, one
pressure transder was installed on each of the four control sections. Since each control
section used a hydraulic block aadplied equal pressure on all row units within that

control section, one pressure transducer was considered enough for each control section.
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For @ntrol sections 1, 3 and 4, a pressure transducer with a 25 Mpa measurement range
(HDA 844L-A-0250161, Hydag¢ Glendale Heights, IL, USA) with a linear response on

the scale of €0 mA was installed; while section 2 was fitted with a transducer with a
measirement range of up to 52 MPa (Model KM41, Ashcroft Inc., Stratford, CT, USA)
with a linear response on theate 0.54.5 Vdc. Planting speed and position data were
collected simultaneously using a smkch accuracy GPS unit (GR5, Topcon Positioning

Systens, Inc., Livermore, CA, USA).
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Figure 2.3. Regression line fitted between known loads versus gauge wheel load
(GWL) sensor output.

The planter is equipped with hydraulic cylinders on the seed cart thasedleto
raise and lower the planter toolbar. A potentiometer (Model 424A11A090B, Elabau sens
Technology Inc., Waukegan, IL, USA), with a linear response on the scale®hA,
was mounted on seed cart axle to monitor relative position of planteatdéilgure2.4)
with respect to axle of the seed cart. Potentiometer was initially calitca¢edure output
will represent raised and planting position of toolbar. Planter toolbar height and sensor
output from 4 mA to 20 mA dat mA intervals were recoat! to quantify toolbar position
during planting. Toolbar planting position indicated that tih@bar was at the desired
position for selected planting depth. A custom data acquisition system was developed using

national instruments (NI) cRio system ane #cquisition program was developed using
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LabVIEW to record signals from the 12 load sensdrbydraulic pressure transducers,
potentiometer, and GPS unit at 10 Hz. Raw data were used without manipulation for the
statistical analyses. For the time sepéss, the moving average of five consecutive data

points was used.

o B

Figure 2.4. Potentiometer mounted on seed cart axle housing and lower link attached
to the planter toolbar (a) to monitor the posiion of planter toolbar relative to the axel
housing to quantify raised or planting pog&ion (b) of the toolbar.
2.3.3 Soil EC

Onthego soil electrical conductivity (EC) was measured using a Veris Mobile
Sensor Platform (MSP) (EC Surveyor 3150, VERISHIr®logies, Salina, KS, U.S.A.).
The Veris MSP was mounted on the three point hiteéhkdbota M900O0 tractor. The Veris
EC Mapper within MSP was programmed to measure EC at both shallow (0 to 0.3 m) and

deep (0.0 to 0.9 m) zones. The Veris SoilViewer 02agged reatime point data and

GPS data at 1 Hz along 18.3 m transects. Veris M&orized reaime EC data in five
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ranges: Low (8.419.7 mS/m), medium low (1925.3 mS/m), medium (23.531.2 mS/m),
medium high (29.818.1 mS/m), and high (37#87.2 mS/m). The area representing the
lower two, middle and upper two EC ranges were sedeets target regions for soil
samples. After collecting soil EC measurements, soil samples were taken using a Classic
Soil Probe soil sampler with a 1.9 cm diameterMpdel L, Oakfield Apparatus, Fond du

Lac, WI, USA). At each field site, 12 soil sample&l samples each from the different EC
regions, were collected for laboratory analysis. Sampling depth was 30.5 cm. Collected
soil samples were analyzed for electricahductivity by the Department of Agronomy

Soil Testing Lab at Kansas State Universitgboratory results of the soil tests were sent

to Veris Technologies for post calibration of the collectetighl electrical conductivity
measurements. Post calibrateil EC data from Veris was used to create a smoothed EC
maps using ArcGIS 10.3 usimmpint ordinary kriging(Moral et al, 2010andLi et al.,

2008) To visualize the EC differences the generated maps were divided into three zones
using natural breaks method in ArcMap. The defined soil EC zones corresponds to the
regions where soil samples were taken and these zoneslagsiéed as low, medium and

high soil EC. The average GW.L for each soil EC zones was calculated and this was used
to determine if average GWL distinctly vary for each soil EC regions within each field.
Previous study showed that soil EC is correlatesbtbtexture, as such, for thstudy the

terms soil with low, medium and high EC corresponds to low, medium and heavy textured
soil. Soil moisture was measured using a Hydrosense 1l (Campbell Scientific, Inc., UT,
USA) handheld digital soilvater sensoequipped with a 12 cm soil maigse probe. At

each field site, 9 soil moisture readings, 3 readings each from the different EC regions at a
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depth of 12 cm were recorded. The average soil moisture during EC mapping was 34.5%

volumetric water content whiclanges from 17.3% to 43.7%.

2.4 Results and Discussion

2.4.1 Planter fixed downforce setup validation
Hydraulic oil pressure measurement provided validation that a constant downforce
was maintained for all row units throughout field operation. An exanfptieeorealtime
hydraulic pressure during field operation is shown in Figiife The example data
exhbited that the hydraulic system maintained a consistent down pressure of
approximately 5.6 MPa throughout the test period. It can be observed thatvdrere
several instances the GWL was 0 N which implied that the row was losing ground contact

during planting (Figure2.5).

Oange Wheel Load Hydranhc Pressurne y

re [(ANFa)

Load (kg)

Hydramlic Fresan;

L1

0

1] S0 1040 150 200 250 A0
Tlime {Secondy)

Figure 2.5. An example field data exhibiting hydraulic oil pressure for fixed
downforce implementation on one row unit. Data were plotted using a moving
average to smooth out random peakby calculating the average of 5 consecutive data
points.

Table 21 shows gauge wheel load sensors exhibited consistdnadaesponse as the
toolbar was raised when turing at headlands at all times of planting operation. Low standard
deviation suggesthat every load sensor returns to the same, 0 load value each time the
toolbar was not in the planting position. These results indicate that GWL sevesers

calibrated accurately and provided stable output throughout the test period.
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Table 2.1. Descriptive statistics of neload readings of load cells for each row unit
during planting.

Load cell readings oneach row unit, mA

Field 1 2 3 4 5 6 7 8 9 10 11 12
avg. 4.43 - 4.17 4.05 4.46 4.73 4.56 4.32 4.07 4.33 4.02 431
A StDev 0.02 - 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
min 426 - 3.95 3.70 4.15 4.46 4.29 4.04 3.82 4.00 3.70 4.03
max 4.61 - 4.40 4.36 4.80 5.02 4.80 4.61 4.39 4.63 4.34 4.57
avg. 4.43 405 - 4.11 4.45 467 4.53 4.30 4.17 4.34 4.01 4.28
StDev 0.02 0.06 - 0.11 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.02
min  4.36 3.73 - 3.95 4.35 455 4.44 421 4.08 4.25 3.90 4.16
max 4.5 4.36 - 4.39 459 4.81 4.61 4.43 4.26 4.45 4.11 4.39

avg. 4.44 4.06 4.18 4.07 4.44 4.67 4.53 4.29 4.48 4.33 4.02 4.25
StDev 0.02 0.13 0.03 0.03 0.04 0.04 0.03 0.03 0.04 0.04 0.04 0.03
min  4.26 2.39 3.90 3.68 4.04 4.30 4.16 3.90 4.10 3.98 3.66 3.92
max 4.76 5.45 4.48 4.45 4.77 5.02 4.83 4.61 4.80 4.66 4.42 4.61

C

2.4.2 GWL distribution

Results highlighted that the desired GWL X to 57 kg(25 to 125 Ibs)was
achieved for 27%, 34% and 38% of total planting time for Fields A, B and C, respectively
(Figure 2.6). Figure 2.6 shows that the redime GWL of individual row unitsvaried
significantly throughout the planting operation for all the fields. On average, 35% of the
time the GWL was below zero for Field A, 28% of the time for Field B while &88p of
the time for Field C. The areas planted with GWL below zero indicadettquate gauge
wheel contact with the soil surface, and uncertain seeding depth. The frequency where the
GWL was abovel00 kg(225 Ibs)was lowest at Field B which occurredlp$% of the
time. Such distribution ofeattime GWL over a wide range &f 0to > 100 kg (25 Ib)
during the whole planting time agrees wifanna et al.(2010 which reported that
measured GWL of each row unit changes significar&0/t6 600 kg over short distances

as it travels along the seed furrow.
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Figure 2.6. Percent time average gauge wheel load (GWL) for individual row units
was within and above or below the target range 012 to 57 kg (25125 Ibs)for Field
A, Field B and Field C. Data for row unit 1 for Field A and rowunit 3 for Field B are
removed due to measurement errors.

The results indicate that the GWL resulted in significant area (FiQuras2.8a
and 2.9a) (14.7 hectares or 67%) planteith undertarget and ovetarget of GWL.
Deviations in GWL could be atbruted primarily due to variations in opening disc load
requirement as influenced by terrain, crop residue, planting speed, and compaction across
varying soil EC to achieve seedingpdh. The GWL was below desired range for 7% and
over target for 24% of thtime. The percérarea planted where GWL was 0 W@s
primarily due to the selection of the | ow
planting operation. The downforce pemranit implemented was3B kg (weight of row
unit and target GWL) which nyanot be enough to keep the gauge wheels in contact with
the ground during planting operatidarissoet al.,(2014)suggested that up 220 kgof
down pressure might be needed for adequate soil penetration of row units and insufficient
weight may result in gauge wheel off the ground. Thusspatial GWL deviation that
occurred across the field suggest the needlexsa higher target GWL depending on field
operating conditions. In addition, an automatic adjustment of downforce might be needed
for selected row units as section control orifatividual row unit for more uniform GWL

application during planting.
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Figure 2.7. Gauge wheel load (GWL) of row unit 1 (a); gauge wheel load range
(GWLR) (b) and; the soil EC map (c) for Field A.
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Figure 2.8. Gaugewheel load (GWL) of row unit 1 (a); gauge wheel load range
(GWLR) (b) and; soil EC Map (c) for Field B.
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Figure 2.9. Gauge wheel load (GWL) of row unit 1 (a); gauge wheel load range
(GWLR) (b) and; the soil EC map (c) for Field C. The data not included for (a) and
(b) was not part of this study.
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2.4.3 GWLR distribution

Test results showethdt approximately 70% of the time the GWLR across the 12
row units was >0 kg (200 Ip for Fields A and C whé approximately 41% of the time
for Field B (Figure2.10. Field C had the lowest frequency of approximately 2% of the
time the GWL difference lteeen two row units across the toolbarsweathin the desired
range of O to 45 k@O to 100 I). Figure 8 showthis extreme variation of GWLR was
caused by the row units experiencing varying levels of real time loading during planting
where one row unit iapplying 0 GWL and another is applying more t®&rkg (200 Ib)
The rowto-row GWL variability across the tbbar indicated that for majority of the time,
individual row unit would require a different level of downforce implementation to
maintain targelGWL. Therefore, one single setting for the entire toolbar would not be
sufficient to achieve target GWL acraas of the row units even with one control system
managing downforce on all row units.
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Figure 2.10. Percent time gauge wheel load range (GWLR) was within and beyond
the desired 0444 N for Field A, Field Band Field C.

2.4.4 GWLR Different section control scenarios
Results with 2ow, 3-row and 4row section control scarios indicates that lower

GWLR for greater percentage of time could be achieved with lesser number of row units
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per section control (Gure2.11). Approximately 81%, 85% and 60% of the total planting
time GWLR was within the desired rangeQoto 45 kg Q to 100 Ih for Fields A, B, and

C, respectively, for a-Bow section control. On the other hand, the GWLR forraw
section control s within the desired range only 23%, 46#d 15% of the total planting
time for Fields A, B, and C, respectively. &% number of row units increase within a
section control, the variability also increases with GWLR values96fkg (200 I} was
observd to be 23%, 4% and 19% of total planting time for Fields A, B and C, respectively,
with a 4row section control. Suctesult indicates that GWL requirements of row units
varies significantly due to changing field conditions and selecting a lesser nuimber o
units per section control could result in a more uniform application of GWL during

planting.
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Figure 2.11 Row-to-row GWLR variability with different row section control
combinations for all the fields

2.4.5 Effect of soil type on average GWL
The soil EC maps shows that soil texture varied across the field. It should be noted
that during a typical planting window many rainfall events may be experienced which
could cause average moisture during plaptio vary. Less than desired or spatially
variable soil moisture during planting can further impact GWL variability due to its impact

on varying soil resistance per row unit opening discs. Planting was done in one day for
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Field A and Field B and C were piged on the next day. Soil conditions wetdield
capacity for all the fields and no rainfall events occurr&ddays prior to planting.

As expected, Fields A, B and C showed decreasing average GWL with increasing
soil EC across the fields (Figu?el?. Since soil EC is correlated with soil taxe, higher
textured soil which consists of finer soil particles and higher water holding capacity creates
a denser soil. Interaction of soil texture and moisture present would vary the force needed
by opening &c for soil penetration. In all fieldsnsple regression analysis indicated that
soil EC or soil texture was a significant (p<.001) variable that can influencémeal
GWL. Varying GWL during planting is associated with changing soil EC such thé&gdigh
soil or low soil EC resulted in a sigiaantly higher GWL (Tablg2.2, 2.3 and 2.4 All
fields resulted in significant differences on the average GWL on low, medium and high EC
except for Field C between the low and medium EC soils. This resultstagpat soll
resistance to the row unit apieg discs increased with higher soil EC which requires higher
vertical force requirement for the planter
carried by the planter gauge wheels thus decreasing GWLIisTimsigreement with the
findings ofCollins & Fowler (993)which sugests that draft requirements for clay soil is
higher than sandy soil. Likewis&umar et al. 2012) and Lomeling 013)reported an
increase in soil cone index with sand fraction @sasoil). Although statistical analyses
suggested significant difference on force requirement of opening discs among soil textures,
other factors such as planting speed as reportétkbkini (2015)andGrisso (996)and
surface residues as reported ldprrison Jr. & Allen (987) could potentially cause
variability in opening diss load requirement on various soil types which may influence

GWL during planting.
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Figure 2.12. Average gauge wheel load (GWL) for Field A, Field B and Field C on
low, medium and high soil EC clas$ication.

Table 2.2. Descriptive statistics and comparison among means (CAM) of the GWL
for field A on the different soil EC classification

Soil EC Avg.k GWL StkDev oV () CI\S/I\I/UL g\?VXL Stdl.(Errcn No. cl)f
(kg) (kg) (ko) (ko) (kg)  samples

Low 41.2 23.2 5.8 2.0 165.0 0.2 11496
Med 35.0° 25.0 7.3 -1.8 178.5 0.2 16383

High 30.7 24.3 8.2 -1.8 159.5 0.4 3146

Means sharing the same superscript are not significantly different from each ¢tkérGa

Table 2.3. Descriptive statistics and comparison among means (CAM) of the GWL
for field B on the different soil EC classification

Avg. Min.
Soil EC GV\QIJL S(tkDev CV (%) GWL Maxk GWL Stdi(ErrOI No. (I)f
(ka) 9) (ko) (kg) (kg) ~ samples
Low 31.& 23.1 7.5 -1.9 167.0 0.4 3965
Med 29.% 29.5 8.2 -1.8 170.4 0.7 1868
High 22.7c 22.7 11.6 -1.7 133.8 0.7 1095

Means sharing the same superscript are not significantly different from each ®kérGa

Table 2.4. Descriptive statistics and comparison among means (CAM) of the GWL
for field C on the different soil EC classification

Avg. .
: StDev 0 Min. Max. Std. Error  No. of
Soil EC (?&’Q’)L ka) SV GWL (kg GWL (kg (ko)  samples
Low  47.5a 197 4.2 23 207.9 0.2 16064
Med  47.99 215 4.6 2.6 2338 0.2 14598
High  33.8 224 6.8 2.1 145.0 0.5 1974

Means sharing the same superscript are not significantly different from each other at P<0.05

Overall the three soil EC zones exhibited varyangrage GWL ranging fror®0.2

kg to 41.1 kgfor Field A, 22.7 kgto 31.3 kgfor Field B and33.8 kgto 47.9 kgfor Field
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C. The standard deviations (StDev) of the average GWL across the threeéisddsmost
identical but the coefficient of variatio€¥) shows that variability in the GWL increases
from lighter to heavier soil. T#se results indicated that the fixed downforce system would
not be able to provide the continuously varying downforepiired to maintain target
GWL as solil resistance changedth soil EC across the field. In addition, negative
minimum GWL suggests instances where the opening discs might be requiring additional
load more than what is available on the gauge wheel forpsoiétration. The GWLR
distribution dso suggestshat rov unit section control would be required as fmAarow
downforce requirement varied in the field. The GWL and GWLR adfes42row units
also indicateshat when implementing downforce control thanger should have a control
setup to implement loadingnd unloading of row units based on planting in varying soil
resistance.
2.4.6 Tire compaction and GWL

Soil resistance can also vary with soil compaction due to tractor tires and movement
of other agicultural equipment during the production season. Switgaction due to the
tractor tire resulted in a significant reduction in the GWL (TsBIg, 2.6 and 2.)f Results
shows that strips planted along the +ive tracks resulted in the average GWL retthn

of 13%, 12% and 14% for Fields A, B and C, respetyt (Figure2.13.
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Figure 2.13. The average GW.L for the three fields at two different strip location.
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These result suggests that compacted soils caused by the tractor tires increases the
resistance foopening discs to penetrate the soil in creating the furrow at the required
seeding depth. Such findings are in accord Witkan et al(2005)reporting a higher soll
cone index alongire tracks that indicate soil compaction by the tractor tires during
planting. The resulting increase in resistance would require the opening discs ito take
additional load carried by the gauge wheels thus a reduction in the GWL. It also emphasizes
the need for future research to 1) understand the implementation of downforce control
system needs for compacted (tire tracks) versusoompacted (notire tracks) field areas
and, 2) if tire and notire track row units need a different target downforcegeasnto
maintain uniform GWL and seeding depth.

Table 2.5. Descriptive statistics and comparison amongieans (CAM) of the GWL
for the three fields at two strip locations

Avg. StDev CV Min. Max. Std. No. of

GWL GWL Error
GWL (k k % samples
Tire Track 33.6a 28.5 8.6 -2.6 203.1 0.2 31025

Non-Tire 38& 258 68 25 1806 0.1 31025
Track

Means sharing the same superscript are not significantly different from each other at P<0.05

Row Strip

Table 2.6. Descriptive statistics and comparison among means (CAM) of the GWL
for the three fields at two strip locations

AVG. gipey Min. Max. - Std. No. of
Row Strip GWL (kg) CV (%) GWL GWL Error s arﬁpl es
(kg) (k)  (kg)  (kq)

Tire Track 27.7a 27.8 10.2 -2.2 187.2 0.3 6928

Non-Tire 3@ 250 80 20 1768 0.3 6928
Track

Means sharing theame superscript are not significantly different from each other at P<0.05
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Table 2.7. Descriptive statistics and comparison among means (CAM) of the GWL
for the three fields at two striplocations

Avg. StDev CV Min. Max. Std. No. of

GWL GWL Error
GWL (k ki % samples
Tire Track 48.8 21.6 4.5 54 212.3 0.1 32636

Non-Tire 419 263 64 200 2793 01 32636
Track

Means sharing the sarsaperscript are not significantly different from each other at P<0.05

Row Strip

2.5Conclusions

This study provided the following key findings:

On an average, targé\WL of 12 to 57 kgwas achieved 27%, 34% and 38% of the
time for Fields A, B and C, respectively. Réiahe GWL below the target range was 38%
and above the target 29% of the time across the three fields. Different row section control
scenariogevealthat a 2row resolutiam section control is preferred ovesrdw section
control to obtain more uniform rot¥o-row GWL control to account for varying soil
conditions encountered during planting. It was observed that on average only 9% of the
time the GWLR was whin the range @o 45 kgacross the 1Pow units while 28% of the
time for a 4row section control and 76% of the time fer®v section control.

Regression analysis shows that soil EC or soil texture was a significant parameter
that can affect redlme GWL. Multiple canparisons revealed that low soil EC resulted in
a significantly higher GWL compared to high soil EC across the three fields. However,
ground speed and crop residue and other factors may have also influenced the GWL
variability. Tire and on-tire tracks als resulted in a significantly different average GWL.
The average GWL for row units on ntire tracks was38.6 kg 31.6 kgand48.8 kgfor
Fields A, B and C, respectively, which was 13%, 12% and 14% significantly lower

compared to averagGWL on row uniton tire tracks.
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These resultsuggesthat the selected target GWL for fixed downforce control
system was too low such that it was not able to implement the target GWL most of the time
during planting. Such case might result in shalé®eding depth. Relt also suggests the
need for an automatic downforce control system that is capable of controlling smaller
control sections and independent section control for row units along track aichcion
which could result in a more consisteBWL application amss all row units during
planting.

Future studies need to be conducted with a row crop planter implementing
automatic downforce control system to quantify the GWL uniformity of individual row

units or control sections under varying opgerg field conditons.
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Chapter3-Pl ant spacing and seedi

nog

i nfl uenced by downforceraompd gr

pl adter

3.1 Abstract

Uniform seed placement, herein understood as an outcome of plant spacing and
seeding depth uniformity, requir@soper selection of downforce control across varying
field conditions especially when planting at faster ground speeds. Thus, the aim of this
study was(1) to assess the effect of ground speed and downforce setting on plant spacing
and seeding depth an@)(to evaluate the relationship of planting speed and row unit
vibration on gauge wheel load. A-t@w planter was used to plant corn attitloand strip
till fields. Treatment factors were downforce setting with two levg3skgand100kg and
ground sped with four levels: 7.2, 9.7, 12.1 and 16.1 kph. The planter was programmed
to plant corn at 5.1 cm seeding depth at a seeding rate of 84@068per hectare
equivalent to a theoretical plant spacing of 17.8 cm. No significant downforce effect was
obseved at both fields on plant spacing, althougbher downforce setting resulted to
higherplant spacin@ccuracyHigher variability in spacingiere observed with increasing
ground speed. Target seeding depth diilhfield was achieved with high downfoe and
slower ground speed while deeper seeding depth attiditfipld was observed with high
downforce setting. Finally, both downforce s®js revealed increasing row unit

acceleréion as ground speed increases.

2 This chapterwas submitted for publication as a peeviewed research paper to the Journal of
Precision Agriculture
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downf orce control setting during field ope
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Figure 3.1. The planter toolbar segregated into 4 differehcontrol sections.

3.32 Field layout
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Field A Field B
Figure 3.2. Aerial view of the fields showing the location of experimental plots.

46



3.3.3 Field description

The experimentvas conducted in a 26.1 hectare fi¢édl.6 acre) locatedear
Belvue, KS (39.29971496.207936°) referred hereis &ield Aand in a 43.1 hectare field
(106.6 acres) locatedearBlaine, Kansas (39.35807696.159382°) referred herein as
Field B.Field Aadopted a ndill management systemith cover cropgFigure 33a) while
Field Bis a striptilled field (Figure 3.3b). Both field were measured for soil electrical
conductivity (EC) using a Verisobile sensor platform (MSP) (EC Surveyor 3150, Veris
Technologies, Salina, KS, USA). During EC data collection, the Veris EC Mapper within
the MSP represented the field into area®waf medium and high EC. Each EC zone were
marked as target regions feoil sampling on which soil samples will be taken after EC
data collection is donét each field, 9 soil samples (tlmesamples from three different
zones) were collected at a depft80.5 cm using a Classic Soil Probe soil sampler with a
1.9 cm diametetip (model L, Oakfield Apparatus, Fond du Lac, WI, USA). Collected soil
samples were submitted for soil textural analysis at the Department of Agronomy Soil
Testing Laboratory at Kesas State Universit$oil textural characteristics of the two fields

are presented in Tab®1.

a b
Figure 3.3. (a) Field A showing the cover crops and (b) Field B showing the striilled
field.
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Table 3.1. Soil textural properties of field A and B.

Composition Field A Field B
Percent sand 28.0 18.7
Percent silt 50.3 57.0
Percent clay 21.7 24.3
EC (mS/cm) 0.9 0.8

3.34 Field data collection
3.34.1Plant spacing

Plant spacing was measured after emergenceavesdered completd 7.6 meter
(25-feet)standard measuring tafleeverlock, Stanley Black and Decker, New Britain, CT,
USA) was laid out along the 0.6 meter strip and accumulated spacinggeasere
recoded. Theoretical plant spacing was calculated based on the plant population applied
during planting and spacing of planter row urliising theprescribed plant population and
spacingof the planter row unitghe equivalent theoretical plaspacing was 2.8 cm (7
in). Since standard deviation alone does not indicate uniformity in @iaidiger, 1996)
multiples and doubles along with singulatiand precision werdetermined to quantify
the consistency of plant spacing relative to the theoretical spa¥ingbus, measures of
plant spacing uniformity used in this stuassin accordance with the indices set by the
International Organization for Standardizat{d®84)also usedn the study byKachman
& Smith (1995) These are multiples index, miss index, quality of feed index and precision.
Multiples index (D) specifies the number of spacings on each EU less than or equal to 0.5
times the'Y. This was calculated using the formula:

O ¢ 710 (1)

where¢ is the number of measured spacings less than or equal to 8.25 cm for the FDF

and 8.9 cm for the ADF. N is the total number of spacings measured on each EU. Miss
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index (M) indiates the number of spacings on each EU that are greater than 1.5 times
the"Y. This index was calculated using the formula:

0 & T )
where¢ is the quantity of measured distance between successive plants thacdhes
than 24.75 cm ah26.7 cm for FDF and ADF, respectively. Quality of feed index (A) or
singles calculates the proportion of measured spacings on each EU that are within 0.5 and
1.5 times théY. The following formula was used to calculate tihigex:

0o €710 (3)
where¢ is the number of spaces measured that are within 8.25 cm to 24.75 cm for the
FDF and 8.9 cm to 26.7 cm for the ADF. Precidimtex (C) quantifies the variability of
plant spacing after skips and doubles meoved or spacings that are amnsidered
singles and was calculated using the following formulaklbghman& Smith (1995)
Lower value indicates lower spacing variability.

o 7Y 4
wherei is the standard deviation &f.

3.3.4.2Seedingdepth
Determining the seeding depth was performedhbyuallydigging the seed of the

emerged plants and measuring the distance of the seed from the ground surface.
Measurement was done by scraping away loose soil to get down to the bare field level and
a flat gick was placed on the furrow along the direntof travel of the planter. standard
0.47-meter (1i foot) ruler (STAEDTLER Nurenberg, Germanyyas used to measure the
depth by placing iperpendicular to the flat stickith thezercendplacedbesidethe seed

(Figure3.4). Readings were recordedttee nearest.O-centimeteresolution.
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Figure 3.4. Measurement of seeding depth by digging the seed of an emerged plant
and placing a straight sturdy object across the row and place a standard ruler
perpendicular to it where the 0-end is on the seed

3.4 Results and discussion

Mean pl ant

i n |l kKise AaaprdsBown.

3.4.1 Plant spacing

spaci ng,

in Tabl e

qgual ity

.2

of

Table 3.2. Mean plant spacing, quality of feed index, miss index, multiple index and
precision as influenced by downforce setting in ntill and till field conditions.

. Quality of  Miss  Multiple -
Field D%Vémﬁrce Sz?n(fl')ng IZ?;/ feed index index index il;(rjeec):(ls(l;)r;
J %) (%) (%)
A D1 182a 6.2 85.0a 8.4a 4.1a 27.7a
D2 184a 7.1 87.5a 10.2a 4.8a 24.5%
B D1 17.% 6.1 87.1a 7.4a 5.5a 22.1a
D2 18.1a 6.5 87.& 7.6a 4.7a 20.5a
PS\tplant spacing variability
Result sypdaeondt sptaltatng was not i nfl
both fiel d@Bbsger ¥ édd sr seg wldtys wi t h
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Si miHamnto2e0tlvodi c h( r eporfdreas & thrakkog (dn@owoed t h an
ky did not significantly affect mean pl ant
downf orc2yselt diedgthe highebitl ipil wd¢ FS¥YHd disn g
Mor eover, cP®Vi omfFi7elld A was outside of the
pl anters. A PSV value of 6.7 c¢cm is an acce
al , 2004) considering mheapiant®.atAletolf ousgas
Lauer &2Béadékponr t(ed a redugteadamneonft gareld2fom
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Resul ts sugageevsetlss tohfatd obwontfhorlce may not be e
movement due to the presence of cover crop
i n a higher skips (miss index) andeddothll e
gual ity eoxf (fseendguilmd i on) and precision i nde
how cl ose the measured PpacbngKaohmamre & odi
199&nd higher values indi dtad | métit e&r .Rmloaur ta
On the other hand, | ower precispaai nghdaifikt
removisngarms&kigpoubl es. Lower values (iFradil adti e s
& Raoufat ,Suzth08r)esult HRalel achoins&dB&buUCE hAvti t [
suggested that high surface residue woul d
Such irreciudlde eseed to apply htcgmprebsdaksiat
t he rsdiulciinngs ttahrecoens uofi t s f r o nt hh o uAnpdpid bydi ntgo o
downf orce setting on Field B resulted 1in

uni form spacing i s expeed edndont ial Ifede,| dt hwa tp
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clods mayséddveow unit boafoftee dwh helbdcoa dt b

pl acement .

Table 3.3shows that average plant spacing was beaffected byfasterplanting
speedwhen planting on ndill field. On both fields plantspacing is highest at 16.1 kph
with variability shows an increasing treras planting speed increases. Such result are in
accordance with the findings of previous studi@selsen, 2013; Nafziger, 2009;
Staggenborg et al2004)which reported increased in PSV at increasing planting speed.
These results suggest that seed placement is compromised as the speed of planting
increases. The result is naniform seed spacing that coute due to inefficiency of
metering unit afaster planting speed and row unit vibration which causes the seeds to
bounce along the seed tube or during seed placement along the (idrMdark Hanna et
al., 2010 Staggenborg et al., 2004)

Table 3.3. Mean plant spacing, quality of feed index, miss index, multiple index and
precision as influenced by ground speed across three field locations.

Plant PSV Quality of Miss  Multiple

Field Groun(cjj spacing feed ndex index index _P(rjemsgm
Spee (cm) (cm) (%) (%) (%) index (%)

7.2 18.0a 5.8 93.4a 5.3 1.2a 22.7a

A 9.6 18.1a 5.9 88.% 9.2a 4.3a 25.

12.0 175a 6.7 87.6a 7.9 4.5 27.3

16.1 19.5b 8.9 77.% 14.8 7.7a 29.%

7.2 176a 4.8 92.(an 4.6a 3.4a 18.3

B 9.6 18.(a 6.0 87.7a 7.0a 5.3 19.%

12.0 18.0a 6.3 88.2a 9.0a 2.% 21.60
16.1 183a 7.4 81.% 9.4a 8.7a 25.0

Planting up tdl2 kph ground speed resulted in a very consistent plant spacing on
both fields resulting in a PSV within the optimum dmgh singulation and low frequency
of misses and doubles. However, at 16.1 kph, the load may not be sufficient to minimize

vibration of 1ow units increasing the average plant spacing together with theTP®%e
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results suggeshat within the field condibns of the study, the selected level of downforce
for each setting was sufficient to achieve uniform plant spacing when planting @p to 1
kph. However, planting at rAtll and more than 12 kph ground speed suggests higher load
requirement to achieve theslred seed placement uniformity.
3.4.2 Seedingdepth
The interaction between ground speed and downforce setting significantly affected
the seeding depth across the two field locations (Fi§irand 3.6. Result implies that

deeper seeding can be expecwvith higher downforce setting (D2) at faster grosipeled.
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Figure 3.5. Seeding depth response to ground speed and downforce setting intilb
with cover crop field. Error bars indicate the 95% confiderce interval for the means.

In the netill field, no sgnificant difference oseeding depth wasbserved between
downforcesettings D1 and D2 at 7.2 and 9.6 kph. Seeding depth tends to get shallower at
downforce setting D1 when ground speed increased ft@nto 16.1 kph. For both
downforce setting, seedingpmta was below the target at 9.6 kph ground speed suggesting
implementedGWL wassufficientto maintain seeding depth for the field under this study
(Figure 3.5) Such resulindicatesthat GWL may notbe able to keep thew units in

contact with thegrourd due tothe opening dis requiring additional load for soil
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penetratiorto achieve the desired seeding depth particularly at faster groundrsjpesal

till field. Moreover, the presence of surfamep residue may have caused the row units to
create onuniform seeding deptfBuchholz et al., 19933ue to the compressed crop
residue which allowechte gauge wheel to fAfloato resul't
(Morrison & Gerik, 1985) The presence of crop residue and cover crop may have
contributed to the shallower seeding deggbeciallyon low downforce setting which may
require addional load to compress these materials to allow opening disc achieve the
desired depthMorrison & Gerik 985)planted corn and sorghum on atibfield with
sorghum and wheat stubbles using af@arow unit implementing a down pressure of 490

to 934 N. Results indicate shallow seeding deptised by additional thickness created by

the compressed crop residues suggesting higher down pressure to minimize variations in
seeding depth.

For a striptilled field, downforce settingd2 achieve a seeding depth above the
targetexceptat 16.1 kph grood speed (Figurd.6). Such results suggest that the selected
downforce setting may be too much for the tilled field under this study resulting in a deeper
seeding depthwhich could also resultto sidewall compaction. Similar findings were
reported byFulton et al. (2015) and Hanna et &01{0)suggesting an increased in actual
seeding to the desiresteding depth with an increase in downforce settidg.the other
hand, seeding depfor downforce settingD1 was at target at 7.2 kph but gets shallower
as ground speed increases. Such result indicates that the selected low downforce setting
may be enogh for tilled field at slower ground speed but additional load may be required

with increase in sged to provide opening disc enough load for proper soil penetration.
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Figure 3.6. Seeding depth response tground speed and downforce setting in tilled
field. Error bars indicate the 95% confidence intervalfor the means

For both fields, seeding depth tend to get shallow at faster ground speed which
indicate decrease in rolling resistance which prevents fibaing disc from penetrating
the soil at the desired deptBuch observations were similar witie results reported by
Brandeleo et al.(2015)andModernal da Silveria et a{2011)suggestingxcessive soll
disturbanceatincreased operatingpeed might have caused some soil to be thrown outside
of the furrow line thus resultingh a shallower seed placeme8Bimilarly, Moderna da
Silveria et al(2011)reported that shallow depth at faster speed could be due tobiigyna
of the depth control to maintain the target furrow depth as draft requirement decreases with
increasing operational speed. Moroveurlani et al. 2007)also reported that increasing
speed would result in redtion draft requirementThis situation may have caused the
opening discs to create a shallowreinch at faster planting speed.

3.4.3 Row unit vibration and gauge wheel load

Row unit vibration was monitored using an accelerometer which provides the

magnituide of row unit movemengs shown ig-force (Figure 3.7. Both downforce setting

show a nearly consistent GWL application across all planting speeds (Biguned 3.3
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Figure 3.7. Row unit bounce across increasing ground speed for low and high
downforce setting in a till field. Error bars represent the 95% confidence interval for

the means.
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Figure 3.8. Row unit bounce across increasing ground speed for low and high
downforce setting in a no till field. Error bars represent the 95% confidence interval

for the means

While GWL stayed relatively the sanfier D1 and D2 downforce setting on both

fields, row unit bounce for increases with speed acr@sh result support the wodk

Staggenborg et al2004)who reportedthat fastemplantingspeedare likely to increase éh

vibrationof the seed metering unit caudsdrow unit bounce which resulted to increasing

variability (coefficient of variation) of the average GWL measuremevietering unit

vibration could influence seed placement uniforri@taggenborg et al., 2004i)d varying

load suggest over or under application of GWL which could affect seeding depth. These
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results suggests highdownforcesettingsselection at faster planting speed to implement
the optimumamount of GWLwhich could result in a uniform seed sp® andseeding
depth.

3.5Conclusiors
This research provided the following key findings:

First, no difference in plant spacingetween downforce settings D1 and D2
corresponding to target GWL 68 kgand100 kg Faster groundpeedresulted to wider
plantspacing in ndill field. In both fields, seed spacing accuracy as measured by precision
index decreases at 9.6 kph or fag@undsuggeshg that seed placement is compromised
as theground speethcreases. Such result could be duéaster planting geedimpacting
the effectivenessf themetering uniorrow unit vibrationcauses the seeds to bounce along
the seed tube.

Second, ground speed and downforce setting influenced seeding depter High
downforce settingdD2) selectionat slower ground spdeachieved the desired seeding
depth but consistently getting shallow as ground speed increasesilirfialn. With low
downforceselection (D1)seeding depth was consistently shallow across all ground speeds.
Such result indicate thai till field requires higher downforce selecti@specially with
faster planting speed which wéllow opening dissto have enough load tavercome soil
resistance in penetrating the soil and cutting across crop residumver cropw acheve
the desired seeding pib. Likewise, selection of higher downforce will prevent the
possible loss of ground contact of row uriftat may have re#ted in shallower seeding
depth.On the other hand, deeper seeding depth was attained when implementing high

downforce setting witlyround speed up to 12 kph on stiiipfield suggesting too much
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load application that may resulted in side wall compacti@w downforce achieved the
target seeding depth at slower ground speed.

Finally, both settings across two fietwbnditionsreveakéd increasing row unit
bounce as planting speed increases. Such condérerigely to increase the vibratiam
the seed metering unit which coddmpromise the ability of the unit to singulate seeds
effectively. In summaryresuls indicate onedownfarce setting may not be appropriate
betweenfields considering conditionsnay vary in terms ofsoil propertiesyesidue and
cover cropmanagementhich could result in sufficient load requirement for one field and
inadequate loadpplication for he othe field. Thus, proper selection of downforce setting
for a particular field condition is necessary to achieve unifeeed placememspecially
at faster ground speetdhe effects of the observed variability is seeding depth and plant

spacing on yikl will be an interesting aspect for future investigations.
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Chapter4-Rownit response to active

during plantding operat.

4.1 Abstract

Implementation of required planter setting determines uniformity of seed
placement across highly variablelfi corditions at planting. Row crop planters equipped
with downforce technology allows planting at the desired seeding depth by maintaining
optimum level of gauge wheel load to prevent shallow planting depth or soil compaction.
This study aimed to evalwathe esponse of row units on wing, track and 4tiack
sections implementing an automatic downforce system during actual planting operations.
Planting was conducted in #idl and striptilled fields using a 12ow planter equipped

with hydraulic downfoce sysem. Row unit acceleration was assessed in spatial scale at

constant 12 kph ground speed and on test strips at 7.2, 9.6, 12 and 16.1 kph ground speeds.

Results showed that row unit acceleration on wing, track andrack sections increase

with speé. Highest row unit acceleration was observed on wing sections in betih no

and striptilled fields. Striptilled soil exhibited lower row unit acceleration by 18%
compared to naill soil. On spatial scale, the active downforce system was able toaimaint
thegauge wheel load within the target range across row unit sections for only 39% of the
total planting time on both fields. Strip tests showed that averagémeabauge wheel

load decreases with faster ground speed on baetitl aad striptilled fields. Gauge wheel

load stayed within the target range on every row unit section for both fields with ground
speeds increasing from 9.6 to 12 kph. Downforce requirement increases with ground speed
greater than 12 kph in rdl field across wing, tracland nortrack row unit sections and

in track section for strijpilled field. Excessive row unit acceleration potentially affected
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seed placement accuracy due to abrupt and erratic movements that interrupted the flow of
seeds from the metering system to ¢gineund The impact of varying row unit vibration
with speed on individual row unit sections on seed placement and grain yield would be an

interesting aspect to address in future studies.

3 This chaptewill be submited for publication as a pesgviewed research paper to Biesystems
Engineering Journal
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4.2 Introduction

Plant growth and development are highly influenced on how seeds are placed in
the soil at planting. Consistent seed spacing and depth allovgselds to have the right
moisture and seei-soil contact for ideal emergence. To achieve this conditionseprop
selection and implementation of planter downforce settings during planting are crucial.
Downforce is the amount of load carried by the row ovajority of which are taken up by
the opening discs to cut through the soil to the desired depth. The gaeegis sarries the
excess load preventing the opening discs from penetrating any deeper thus maintaining the
seeding depth. The opening disc cae the excess load on gauge wheels anytime when
additional load is needed for soil penetration. However, plgrdan heavier textured soil
(clay) may require greater amount of downfof{Beke et al., 2007and load on the gauge
wheels may be insufficient preventing the opening disc to penetrateitlie the desired
depth causing the gauge wheels to float above ground resulting to shallow seeding depth.
On the other hand, soil compactiomyrhappen when the excess load on the gauge wheel
is too much(H Mark Hanna et al., 2010As such, it is important to always maintain an
optimum level of load on the gauge wheel to prevent shigllanting or soil compaction.
More often, downforce requirement varies across the field due to the inheaigat teld
variability. Soil moisture, texture and crop residue are several field conditions that affects
openings discs ability for proper s@ienetration. Likewise, insufficient load on the row
unit could cause low row unit ride quality which coulduk in uncertain seeding depth
and noruniform seed spacinfBadua et al201&). Ride quality can be defed as the
amount of vertical movement row unit experience during planting. Thus, proper downforce

selection is critical to achieve desired sekt@ment consistency.
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Currently, downforce are implemented via three systems: Mechanical, pneumatic
and hydralic systems. In a mechanical downforce system, total row unit downforce stays
relatively the same during planting. Planters equipped with thstersy consists of
mechanical springs and levers which can be adjusted to determine the appropriate load to
be aplied to achieve the desired seeding depth. Once set, this fixed load will be
implemented during planting across the field. With varying fieldrsoisture and texture
requiring different levels of downforce, the planter may be applying varying downforce
during planting which could result in planting at the target depth, shallow depth or
compacting the soil. Such situation may occur as operatemsoa provided any feedback
on the effect of field variability on the applied downforce. As such, an activefde
systems using airbags (pneumatic) and hydraulics has been developed to replace
mechanical springs. These systems enable operators $b théjload applied based on the
actual field conditions at planting providing a more consistent downforce areohjpo
mechanical spring system resulting in a uniform seeding depth and goctb-sedd
contact across the field. An active downforce cordystem consists of load cells mounted
on each row units providing reime gauge wheel load signals. The cohtsystem
automatically adjust the downforce by comparing the load measured by the load cells to a
programmed target gauge wheel load. The tdogel is selected by the operator which is
just enough to maintain desired seeding depth without worrying abtb@ompaction and
planting shallow. During planting, the hydraulic or pneumatic system is activated by the
control system to either increagedecrease the downforce in order to maintain the target
gauge wheel load. The pneumatic downforce systemstens load sensors that can be

used to monitor downforce during planting and airbags to adjust downforce by inflating
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and deflating based onedtoad sensor readings. However, response time of this system is
slow which sometimes takes up to 20 secondste airbags to inflate or deflate to
implement the desired downforce adjustm@édord, 2015) On these situations, the
system could miss areasthe field which may have required more downforce for proper
seeding depth. The newest downforce system esilig/draulic cylinders and actuators for
almost instantaneous adjustments and implementation of the required downforce. When
the load cells indiate the need for additional downforce, the actuator responds immediately

by increasing the hydraulic pressureyading additional force applied to the row unit.

Eval uation of a pl anterds aut omati c (
understanding theplamtr 6 s abi |l ity to maintain the appl
placement across the field. Currently, @ssei ng a row crop ©planter
system ability to implement the desired settings using different scenarios to simulate
variable fieldconditions can be performed using a downforce test stand developed at
Kansas State Universi{trasser, 2017)The test stand consists of a horizontal platform
that can move up and down to simulateges in field terrain. It is also capable of
applying a load to the opening discs to simulate vayrygoil texture. However, the test
stand can only be used for one scenario at a time. Further test is required to fully understand
system response on adtuBield conditions. Results could provide growers better
perspective on how individual row units respl to the downforce system implementation
during actual field operations. Therefore, this study aimed to evaluate the row unit response
to automatic dowrdrce implementation during actual planting operations. Specifically to

determine the response of rawit acceleration and retime gauge wheel load on each
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row unit sections on spatial scale at a constant ground speed and on test strips with varying

ground speeds.

4.3 Materials and methods

4.3.1 Study site
The study was conducted in 2018 at two produnctiornfields in Kansas. Field A
(Figure4.1a) was a 72.8 acre field located near Clay Center (39.30481000470) and
Field B (Figure4.1b) is a 62.8 ere field located near Wamego (39.29948%.207226).
Field A is adopting a ndll with cover cropfield management system and moderate
amount of crop residue while Field B adopts a ditipnanagement system. Both fields
practices corn following soybes crop rotationUsing the USDA Web soil survewoil

type ranges from silty loam to silty clay amabderaely well drained soil property

Figure 4.1. EC maps of study sites showing the distributin of soil texture across the
field.

4.3.2Planter configuration and data acquisition system

Pl anting was pemnfwompinadct @ 30ipredf iadg eld2 usbs.i @)
Deere 8270R tractor. Pl anter contrdodhrfunct

Deere (@r,edeRtreer and Company, Moline, 1L, U
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the planter electric control unit, hence fo

Schwandorf, Germany) through | SOBUS.

Figure 4.2. The (a) row-crop planter used in the study and the (b}kegregationof row
units in control sections.

The planter was programmed to i mpl ement
row units deqirre ggaotod d oihrst )d. F iCgounite rod 1 2shbesc tt h e
end of the toolbar comprised of rows 1, 2
the tool bar which include rows 10, 11 and
as wing GlectComt r( M secdtiom t2i rfeoltlroavesk s hree f
track section (TR) consisted of row 4,5, 8
of t he tool bar rterfaecrkr ede chteiroen i(nNTads whanc h i
Downf orce was i mplplmemitreg tbhye maanrugad tl yGWL i n
and the ECU will determine the amount of h
section in order to achieve the destoed | e
mai ntain the tsaeacogteito GWLY fadj wesatcihng t he appl

GWL is above or below the targe2t0. nM cruar nrgeen

(HAD &92150®6 1, Hy dac, Gl endal e Hei ghtrsol | L,
sections 1, 3 landec4 i whi I2e wasntfriocct ed with
transducer ( Model KM41, Ashcroft I nc., Str

of -OH..% Vdc. Ground speed and pl anltleectpedsi t

65



usingi mclsudccuniaty( GRS, Topcon Positioning
CA, USA). An accelerometer (Model 3741E12.
was installed on row43nite Mmeadyuyr Fataman LRI
Row unit plastimaiposietdi aarsiwg a potenti ome

El abou sensor Technology Inc., Waukegan, ||

Figure 4.3. The row units whereaccelerometers were mounted to measei row unit
acceleration

A compact rio (cRIO) redime controller (9204, National Instruments, Austin,
Texas) and modules (National Instruments, Austin, Texas) were utilized in developing the
data acquisition systemA custom data acquisitioprogram was developed using
LabVIEW to record signals from the load sensors, hydraulic pressure transducers,
potentiometers, accelerometers, and GPS. All data were collected at 10 Hz sampling
frequency.

4.3.3Dana analysis

Plantig was performed in accordance with typical planting practices of the
growers. Tests strips were planted with ground speed varying from 7.2 kph to 16.1 kph.
Length of test strip for each field is about 30 m equivalent to a total Average speed during
planting on straight rows was 12 kph with slow speed from 7.2 kph to 9.6 kph happening

when traversing contours, waterways, terraces and headland turns. Target gauge wheel load
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during planting was set 400+/- 23 kg. Observation frequency of re@ine gauge wieel

load and row unit acceleration for each control section was plotted in Microsoft Excel.

4 4 Results and discussion

4.4.1 Planting speed
Ground speed during planting in spatial on both fields are shown in Hglure
Maps show the speed of plamgion est strips ranged from 7.2 kph to 16.1 kph. Rest of
the field were planted at the typical planting speed of 12 kph with slow speed from 7.2 kph
to 9.6 kph happening when traversing contours, waterways, terraces and headland turns.

Although plantingspeed was slower on boundary for Field A which was less than 7.2 kph.

Field A Field B
Figure 4.4. Spatial maps showing speed on strips (inside the boxed area) and for the
rest of the field on bothfields.
4.4.2 Spatial scale average row unit acceleration
Spatial distribution of average row unit acceleration across the toolbar of the planter
for both fields is shown in Figu#5. It can be observed that majority of the time average
row unit acceleration stayedithin 4 to 8 m/$ on Field A with few areashewing

acceleration of more than 8 ri/Similarly, row unit acceleration on Field B stayed on 4

to 8 m/$ range with some areas showing lower acceleration of less thard. 4 owsr row
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unit acceleration oni€ld B is somehow expected due smoother rideowaf units caused

by loosed soil structure of stripled field.

Field A Field B
Figure 4.5. Spatial map of average row unit acceleration on both fields
4.4.3Spatial scale row unitacceleration on sections
Figure4.6 shows the frequency of row unit acceleration across individual row unit

sections of the planter for both fields during planting.

100% Acceleration 100% Acceleration
(m/s?) (m/s?)

S 80% ™0-1.50 2 80% m0-1.50
5 =1.51-2.0 2 =1.51-2.0
(=] —
g 60% ¥2.01-4.0 2 60% #2.01-4.0
‘-._' -
° 401800 B 401-8.00
= 5.01-15.00
2 40% m501-1500 B 40%
= 5 =>15.00
= m=15.00 =
2 20% g
= £ 20%
0% .
Wing Track Non-track 0%

Wing Track Non-track

Field A Field B
Figure 4.6. Row unit acceleration distribution for each row unit sections on spatial
scale on both fields
More than 55% of the time row unit acceleration across the row unit sections on

Field A was within 2.1 to 4 m?or below. Wingsectionexperienced higher row unit

vibrations as evidenced by the lowest frequency of acceleration within this range with 48%
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of the time while nosirack sections showed the highest with over 63% of the time. Similar
trend can be observed for Field B altigh reslts suggests lower row vibrations on row
units was as showed by higher frequency of occurrence for row unit acceleration within
2.1 to 4 m/$or below. More than 58% of the time row unit acceleration was within this
range with 42% of the time itas within the range of 4.01 to 8 rMisr higher. Again, wing
section showed higher row unit vibration with 49% of the time row unit acceleration was
within 4.01 to 8 m/Arange as compared to ntrack section with only 39% of the time.
Summary statisticef row unit acceleration across the three row sections on spatial
scale are shown in Tabkel. On Field A, wing section showed the highest row unit
acceleration of 8.56 nfsind variability of 12.07 mfswhile track and noitrack sections
showed the lowat at 615 and 5.05 mfs respectively, with almost identical standard
deviation. Similarly, row unit acceleration was higher on wing section for Field B although
the average and variabilityerereduced. Row unit acceleration variability in track section
was lowe compared to netrack section. This could illustrate that in a stilled field,
soil compaction of tractor tires along the track sections could smoothen the soil surface
potentially lowering the row unit acceleration.

Table 4.1. Summary of row unit acceleration (m/s2) on row sections in spatial scale
for both fields.

Row unit sections Field A Field B
Mean (m/é) Stdev (m/9 Mean (m/é)  Stdev (m/$)
Wing 8.56 12.07 6.48 8.93
Track 6.15 8.30 4.85 7.08
Norttrack 5.05 8.20 5.03 8.18

4.4.4Row unit acceleration on test strips

Figure4.7 shows the relationship between row unit acceleration and ground speed

across the row unit sections. For both fields, acceleration on each row unit section
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increasedinearly with speed. Similar findings were reportedahai et al.(2019) Higher
slope on wing section indicates higher row unit acceleration is expected on wing section as

ground speed increases from 7.2 kph@al kph.

W = +1.81 =
E- - E = % 1.54
:i 0490+ 1 74 E Al L
E E
_El F=03Te+ 169 3 =028x+2.18
= 4 = 1
; 2 Wing @ Track @ Non-track ; Wing @ Track @ Non-track

6.0 7.5 9.0 105 120 135 150 16.5 40 T8 90 10% 120 135 150 16%

Ground speed (kph) Ground speed (kph)
Field A Field B

Figure 4.7. The row unit acceleration as a function of ground speed across row unit
sections on both fields.

Such results illustrate how vibration on the wing sections cootentially reduce
row unit ride quality due to vertical movemt of row unit in response to ground surface
irregularities especially when traveling along ground undulations and faster planting speed.
Too much row unit vibration especially at higher growpeed could potentially impact
seed placement uniformity atapting which could affect plant emergence and total live
population. Unlike wing sections, ndrack section, which is located on the center of the
toolbar, experienced minimal vibration themef more stable row units resulting in lower
row unit acceler@on. Moreover, firmer soil on nrbll field could also impact row unit ride
guality on the tire track control sections. For stiiled field, soil compaction of tires on
tilled soil smoothensoil surface which couldeducethe row unit vibration. Thisould be
one potential reason for comparable row unit acceleration between track atrdakon

section on strigilled field. On average, row unit acceleration was 18% higher itilino
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soil. Sweh result was in accordance wiaker et al. 2007) highlighting furrow openers
experiencing more bounce on-tilb soil especially at faster speed&brupt and erratic
movements of the row unit when hittingrdapots across the field could interrupt the flow
of seeds from the metering system to the ground.
4.4 .5Spatial scale realtime gauge wheel load

The spatial distribution of average rd¢imhe gauge wheel load across the planter
toolbar for both fields dumg planting is shown in Figurd.8. About 55% of the time
average realime gauge wheel load was within the target range of 77 to 122 kg on Field A

while only around 40% of the time on Field B.

—— 'i'“:"'- )

Field A Field B
Figure 4.8. Spatial map of reattime gauge wheel load on both fields.

Figure4.9 shows the distribution of reime gauge wheel load across the row unit

sections of the planter on thdfields.
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Figure 4.9. Row unit gauge wheel load distribution for each row unit sections on
spatial scale on both fields

Results show that frequency of time average gauge wheel loassaow unit
sections was within the target range was 39% for both fields. Wing section showed the
highest frequency of time with over 47% and 48% andtrack section the lowest with
30% and 36% for Fields A and B, respectively. Although wing sectioweth the highest
row unt acceleration, flexing of the toolbar could have helped absorbed rapid row unit
vibrations which allowed the gauge wheel load to stay within a tighter rangetraadn
sections may have showed fewer instances of row unit vibredimpared to wing section
but row units on this section could experience more sudden row unit vibrations as it is
located on a more rigid section the toolbar. This result suggests increase in row unit
acceleration does not correspond to decrease in gawgg lwhd which shows thability
of the downforce system to maintain a uniform gauge wheel load across the toolbar even
with varying vibration on row units at nearly constant 7.2 kph ground speed.

Realtime gauge wheel load not concentrated on one gaugelwbad range
indicate that the system was not able to respond to changing load requirement during

planting. This can be due to the dynamic field conditions causing a significant change of
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gauge wheel load measurements for a very short travel didgaate et al(2018 and

Hanna et al.Z010) Although load for soil penetration on i soil is generally higher
compared to tilled soiBaker et al., 2007Yesults show that thetive downforce system

was able to provide comparable gauge wheel load across a varying ground resistance on
each row unit sections with nearly identical gauge wheel load distribution frequency on
both fields.

Table4.2 shows spatial resime gauge whddoad across row sections for both
fields. Average gauge wheel load ranged from 80.88 kg to 88.46 kg wiinaudrsection
showing the highest variability and wing section the lowest. On the other hand, average
gauge wheel load on Field B ranged from50kg to 84.05 kg. Similar on Field A, wing
section resulted to lowest variability in gauge wheel load whiletraark the highest.
Results indicate that planter gauge wheel load on wing sections stayed fairly uniform
during planting. On the other handymtrack section showed higher variability with the
highest standard deviation.

Table 4.2. Summary statistics of spatial scale reaime gauge wheel load (kg) on row
sections for both fields

Row unit sections Field A Field B
Mean (kg) Stdev (kg) Mean (kg) Stdev (kg)
Wing 80.88 29.62 76.99 26.07
Track 88.46 36.97 70.50 36.47
Norttrack 80.62 47.64 84.05 44.52

During planting, similar target gauge wheel load was set on both fields. However,
no-till field may have required higher load for opening disc penetration which resulted to
higher applied hydraulic pressure compared to -§itgul field. About 40% of theime
hydraulic pressure was within 13.81 to 17.20 mPa and about 48% of the time it was within

1721 to 20.70 mParange (Figut40). On the other hand, about 80% of the time hydraulic
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pressure was within 13.81 to 17.20 mPa on Field B. On both fieldstraxinsections
showed the highest applied hydraulic pressure which suggests more load is required

rows along the center of the toolbar to achieve the desired gauge wheel load.
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= (mPa) 2 (mPa)

g 260% ;

2 60% m<6.90 oouve H<6.90
° 6.00-10.30 < 6.90-10.30
100z 740% )
240% 10.31-13.80 = 12;1 ?EE
z 13.81-17.20 S90% Je s
820% 17212070 8 B17.21-20.70
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Wing Track Non-Track

Field A Field B
Figure 4.10. Applied hydraulic pressure across row unit sections on both fields.
4.4.6Realtime gaugewheel load on test strips

Figure 4.11 presents the effect of ground speed on-tiea gauge wheel load
across the row unit sectiont.appears that average ré@mhe gauge wheel load decreases
with increasing ground speed across all row unit sectiotmtnfields. Field A indicates
higher reduction in gauge wheel load compared to Field B. Wing antransections
shows higher denforce requirement in Field A while wing and track sections in Field B.
Since Field B is stritilled, the effect of losig gauge wheel load at increasing speed is
more visible on Field A as rill field requires higher load for soil penetration.

Results indicates the potential correlation between row unit acceleration and gauge
wheel load which highlights the importancesefecting the ideal downforce for a specific
speed of planting to minimize row unit vibration. Previous study have showrothanit
bounce impact uniformity of seed placeménhai et al.,2019 Badwa et al.,2018 &

Staggenborg et al., 20p4rhe increased row unit vibration with speed on individual row
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unit sections couldiso influence on seed placement uniformity which represents the need

for future research.
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Figure 4.11 Reaktime gauge wheel load as influenced by ground speed across row
unit sections @ both fields.

4.5 Conclusion

Results of the study revealed the following conclusions:
1. Row unitacceleration on wing, track and ntvack sections increases with speed.
2. Highest row unit acceleration was observed on wing control sections otila no
and striptilled field.
3. Strip-tilled soil exhibited lower row unit acceleration by 18% compdoeedotill
soil.
4. On spatial scale, the active downforce system was able to maintain the gauge wheel
load within the target range across row unit sesti@n only 39% of the time on both
fields.
5. With varying ground speed on strip tests, the actowerdorce system showed its
ability to maintain the desired gauge wheel load within the target range on each row

unit section on nuill field for ground speds ranging from 9.6 to 12 kph. Gauge wheel
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load on striptilled field stayed within target range @anng and netrack sections across
all ground speeds. Downforce requirement increases at 16.1 kph ground speed for no

till field across all row unit sectioand on track section for strigled field.
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Chapter5-Sensing sy4tiemm measwue @lment

spca ng, depltohc aatnido g ecnf-ofconaoepr
st fdy

5.1 Abstract

Proper seed placement during planting is critical to achieve uniform emergence
which optimizes the crop for maximum yield potential. While uniform plant spacing and
seeding deptlare often used by corn growers to determine the performance of precision
planters, these parameters can be influenced by factors other than machinesysagch a
germination, insects, diseases and soil properties (e.g., temperature, moisture). Currently,
the ideal way to determine planter performance is to manually measure plant spacing and
seeding depth. However, this process is both eost labofintensive and prone to human
errors. Therefore, this study aimed to develop and test a proof of concsipigsand
measurement (SAM) system to measure seed spacing and seeding depth and providing the
geolocation of each planted seed. The system consisted wfhespeed camera, light
section sensor, potentiometer and survey grade real time kinematic (RTBal glo
positioning system (GPS) unit. Results demonstrate the potential of the proof of concept
SAM system for measuring seed spacing, seeding depth addog¢ion of corn seeds.
Results showed that seed spacing can be calculated using the generatsdl istigfes
achieving a roetnean squared error (RMSE) of 0.63 cm and a coefficient of determination
(R2) of 0.87 when compared to actual seed spacing measot® Likewise, 98% of the

recorded seeding depth was within the acceptable tolerance +10% amedly, FGPS
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coordinates were recorded for individual images which can be used to locate individual

seeds and provide detailed information on missing plaotseeds).

4 Results have been published as a+pegew paper. Badua, S.A., Sharda,&Flippo, D. (2019
Sensing System for Reime Measurement of Seeg&ing,Depth and Gedocation of Con: A
Prootof-Concept Sidy. Trans. of the ASABEB2(9. https://doi.org/10.13031/trans.13593
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5.2 Introduction

Corn is one of the primary agricultural commodities in the UnitedeSta
accounting for more than ¥3of the totharea plantedvith crops(USDA-ERS, 2017b)

Total productio was 15.1billion bushels in 201&vhich is equivalent to an average
operating cost of more than $41 billion spent by corn groWe&DA-ERS, 2017h)
However, cash income from corn sales in 2017 is expected to be 0.7% or over $0.3 billion
lower than in 20& and has been continuouslyctieing since 2013. In addition, it is
projected that acres planted for corn will be reduced by over 9% in the next 10 years
(USDA, 2017) consequently decreasing projected corn produgtiéS8DA, 2019) With

the current high production costs, continuous decline of corn re(gipBA-ERS, 2017b)

and projected reduction in production area and yield, more growers are relying on precision
agiculture technologies to cabsts or improve savings, maximize land area and improve
yield to sustain farming productivity.

Planting is one of the most critical stages in crop production because it is at this
stage where there is an opportunity to plaeeds in conditions for unifim emergence
setting the foundation for attaining maximum vyield. Proper seed placement will provide an
ideal environment for germination and growth. As such, uniform seed spacing and seeding
depth are two of the most essenialfameters to be achieved itgrplanting. Uniformity
of spacing and depth could result in a final seeding rate with the desired plant density and
uniform emergence. Studies have shown the influence of multiple plantsiniform
plant spacing, delayedrergence and uneven seedingttieon grain yieldChim et al.,
(2014)conducted a controlled experiment to evaluate effects of varying plant spacing and

plants per hill on corn yield. Results suggested greater grain yield at narrower uniform
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plant spacing with one plant per hill. However, wider uniform plant spaesgtel in a
greater yield when the number of plants per hill is increased. Likewiseymfmrm plant
spacing caused by multiple or missing plants measured by the spacing standard deviation
presented varying effects on corn yididelsen @001)suggested a significant difference
on yield across the different plant spacing variability (PSV) treatments. An average of
106.7 kg hal yield loss is reported for every 2.5 cm increase in standard deviation (SD)
of plant gacing. Similar results were reported Byall et al. 977) where yield
continuously decreased with increasing spacing variability at two different study areas.
Previous studies showed that reducing the spacing standard deviation by 2.5 cm could
result in an average yield increase of 213.4 kg (2oerge & Hall, 2002)and 395.4 kg
hal when spacing standadkvidion was reduced by 5.1 ciiiNielsen, 2001) Thus,
improving phlnter performance by reducing seed spacing variability is important for
improving corn productivity. Furthermore, variability in seeding depth can affect
emergence Knappenberger & Kolle(2012) reported that emergence of corn was
significantly correlated with seeding depth, with deeper placement resulting in greater
emergence due to favorable soil and moisture conditions for seedling emergence. Grain
yield was affected when seeds emerged unevefihomison et alZ012)conducted a two
year study on effects of seeding depth on yield of corn, demonstrating a 13% to 40% vyield
difference between shallow and gegaarting depths, respectively. Observed yield effects
for the shallow planting depths were due to reduced final plant density, potentially caused
by slow and uneven emergence.

While uniform plant spacing and seeding depth are often used by corn gtowers

determine the performance of precision planters, these parameters can be influenced by
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other factors which are not machine related such as germination percentage, diseases and
various soil properties. The ideal way to determine planter performancaéaswe seed

to seed spacinfNakarmi & Tang, 2012and ability to maintain a consistent actual depth
during planting(Poncet et al., 2018)Post emergence, seed spacing can be measured
through emerged ptés whereas seeding depth measurement by mawnligdiyng emerged

plants and measuring the distance of the seed to the ground level. Each year, agronomists,
service professionals, producers and engineers manually measure seed spacing and depth
on a high nmber of plants to validate the accuracy of thanphg systems. Thus,
automating the process will be critical to improve the effectiveness, efficiency and on
demand realime measurements as manual process is Hdabemsive, timeconsuming,

and highly saceptible to errors.

Computer vision and imagmsed technologies have been widely utilized in
agriculture to automate various crop production activities and measurement applications.
One of the most utilized techniques in image processing is image kingaid his
technique is used to combine overlagpimages using common points and creating a
single image with a wider field of view. Creating a mosaicked image can be done using a
direct or feature based algorithin6hosh & Kaabouch, 201&athima et al., 2013 &ain
& Shandliya, 2013)Direct methods work by finding a consistent set of correspondence
and calculating correlations between featurethénimage using all pixels and is usually
performed using a correlation matrigRenuka, 2016) This method is useful when
mosaicking images witlarge regions of overlaps including small tratiskas and rotations
(Jain & Shandliya, 2013; Prades al., 2014; Renuka, 2016put it requires cmplex

calculation(Fathima et al., 2013Feature based methods find distinct low level features
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such asedge, corner or pixel between two imag&hosh & Kaabouch, 2016kgnd
matching them together to form a global correspondéRrediima et al., 2013) This
process reduces the computational complexRenuka, 2016)and usually handling
images with small regions of overl@fain & Shandliya, 2013; Renuka, 2086 detection

of common features is possible even at changing geometric viewd@hissh &
Kaabauch, 2016h) Sanchiz et al 996) proposed a vision system to automate the
application of chemical treatments on cabbage. A camera was mounted on an agricultural
vehicle to track plants and apply treatments accwyraelKalman filter was used to
estimate the plants exact location in fiséd and afeaturebasedalgorithm called Hough
transform was performed to cluster regions for plant identification using consecutive image
frames that consisted of complete viewtltd object of interest. Similarhghrestha et al
(2004)used a feature basecethod of image mosaicking in developing a sensing system
using a video gaera to measure corn plant density (stand) at early growth stage. The image
sequencing algorithm was developed to match common attributes of two images before
separating plants fronttleer nonplant regions using an image segmentation method based
on colorintensities of surface influenced by changing lighting conditions. On the other
hand,Tang & Tian 008)implemented a direct method in the development of a machine
visionbased system to recdnsct an image for automatic measurement of corn plant
spacing. Real timeideo frames, captured using a video camcorder, were mosaicked using
a correlation based matching algorithm by combining two overlapping consecutive video
frames and successfully eted reconstructed segments of the test rows. Furthermore,
numerous studs have investigated other applications of machine vision technologies in

agriculture such as plant health and growtsessmentKacira & Ling, 2001)plant
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diseasegGarcia& Barbedo, 2013pand weed detectio(Nejati et al., 2008; Tang et al.,
2000) However, no studies have been published which can automatically measure the
actual seeding depth and seed spacing using an imaging system during planting operation.
Automating the proess could provide significant information on the movement and
location ofthe seeds in the furrow, automatically obtaining seed spacing and depth; planter
performance, and implementing appropriate planter control and feedback to optimize
planter functionaty. Therefore, the objective of this study was to develop a sensing and
measurement (SAM) system to measure-tiea seeding depth, seed spacing and seed
localization during planting. Specifically, the secondary objectives of this study were to
determinethe performance of the system to 1) stitch capturedtireal images of
individual seeds planted, (2) measure seed spacing using the stitched image, (3) record
actual seeding depth during planting, and (4) provide GPS coordinates of individual images

for geclocating seeds.

5.3 Materials and Methods

5.3.1Image acquisition andseedgeo location

Images were acquired using a higpeed camera (acA64®0uc, Basler AG,
Ahrensburg Germany) fitted with a @ount lens with a fixed focal length of 4 mm and
apertrre range from F1.8F22 (C12504185M, Basler AG, Ahrensburg, Germany). The
camera lens provided a field of view (FOV) corresponding to an image size of 15.7 cm by
11.7 cm &a distance of 20.3 cm between the lens and the groundhigihepeedccamera
was selected over a regular camera because it is inexpensive and capable to be
synchronized with the data acquisition system using the NI Measurement and Automation

Explorer (MAX) installed in LabVIEW (National Instrument, Austin, TX, USA).
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Moreover, its frane rate provides flexibility to scale measurements for further studies. The
camera was connected to a control laptop computer (Latitude 14 3470, Dell, Round Rock,
TX, USA) with a 2.5 GHz Intel Core #8500U CPU (Intel, Santa Clara, CA, USA) and an
8 GB indalled memory (RAM) through the USB 3.0 interface. Exposure time was set at
488 microseconds (&€s) to prevent capturing
the amaint of light is proportional to the exposure time, an LED strip tape (4N&180
24V, SBL, St. Louis, MO, USA) was used to provide additional lighting to illuminate
features or objects of interest on the ground. To ensure the camera will capture more than
50% overlap on the images for effective image stitching, the-¢pglked camera as
configured to transmit and record at 10 fps at a bit rate of 92 MB/s over a USB 3.0 interface
using the Pylon Viewer (Basler AG, Ahrensburg, Germany). Image resolutibaus @ 3
Megapixel with pixel dimension of 656 x 496 pixels. Likewise, the Hofisatminal ME
controller (Horsch LLC, Mapleton, North Dakota) was programmed to plant corn at
103,200 seeds/hectare seeding rate which corresponds to a seed spacing of A2.7 cm.
narrow seed spacing was selected for this study to enable to capture ané&easta
identical seed per image compensating for overlap and seed bounce.

An RTK GPS unit consisting of a rover receiver and base station (GR5, Topcon
Positioning Systemsnt., Livermore, CA, USA) with an RTK accuracy of H: 5.0 mm +
0.5 ppm, V: 10 mm +@ ppm was used to provide the geoation for each captured image.
Since the distance of the base station from the rover was always close to 50 m, the
degradation in accurgavas considered to be negligible. The row unit was mounted on a
gantry placed @ a customized cultivation assessment test apparatus (CAT App) (Figure

5.1) which consists of row unit toolbar that can be raised/lowered and moved back/forth
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along the 12.2n long rails by a 31 HP gasoline engine (Vanguard, Briggs and Stratton,
WauwatosaWl). A four-wheel drive tractor (LA1251, Kubota, Grapevine, TX) was used

to pull and move the CAT App within the field during testing.

Figur .1. Thcultlvti 'aruwhesti of -. th was
performed.

A separate program controlled the speed of the engine which was programmed to
run the gantry at a constant ground speed of 6.4 kph for all tise Beging testing, the
closing wheels of the row unit were raised to prevent it framieg the furrows. Raising
the closing wheels exposed the planted seeds allowing the manual measurement of seed
spacing. Measured spacing was then compared to thdataftiseed spacing using the
SAM system. Accuracy was determined using the root meaaresguror (RMSE) using
equation 1 where n is the sample size, y_i is the measured seed spacingZsthg

calculated seed spacing.

RMSE = w @)
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5.3.2Image stitching
A feature based matching algorithfdedaldi & Fulkerson, 2008yas used to
combine captured images to create a panoramic image for seed spacing negasitesn
scale invariant feature transform (SIFT) algorithm is an effective tool to extract common
feature points and perform matching between two images with signiftseeriap and
invariant to noise, occlusion and illumination changes. The matchingtatgadeveloped
in MATLAB (R2017a, Natick, MA, USA) was used to find corresponding points between
the reference image and the image to be matched. There are fiversheps the algorithm
is implemented as outlined Wyhosh & Kaabouch2016 and Lowe 2004) These are
scalespace costruction, scale space extrema detection, keypoint localization, orientation
assignment and keypoint descriptors. The first step involves the construction of soale spa
by generating several octaves or blurred images from the input image by applying a
Gaussian filter or Gaussian blur operator to reduce noise and image details.
Mathematically, this can be expressed by equation 2 as defineldowg (2004)
b @@, ="0hd, 20N 2

whereL ( x , isyhe bluirg¢d image,is the convolution operatoG ( x , isythe )
Gaussian blur operator ahgk, y)is the input image. Next step was detecting key feature
points in the sale space using a differercBGaussian (DoG) operation by calculating the
difference of two adjoining blurred imagés,using equation &8s defined byowe (2004)

Oaw, =0aaQ (e 3

where k is a constant multiplicative factor. Keypoint candidates in a stack of DoG images

are detected by comparing a pixel to its neighboring pixels at the current and adglesnt sc
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(Figure 5.2. This process generated low contrast keypoints or exti@ated on an edge

which are then eliminated to improve matching efficiency of the algorithm.

Figure 5.2. Keypoint detection in astack of DoG images (Lowe, 2004).

Assigning an orientation for the keypoint is done to provide rotation invariance.
This process was done by assigning the dominant orientation to the keypoint based on
gradient directions and magnitude around it. The oriant i o n, d (x , y) ,
L(x,y), is calculated using equation 4 definedUoyve (2004)

d(x,y)=arctan((L(x,y1IL( x N(L(¥yHLYTL(xT21, y))Id

This procedure resulted in anientation histogram where dominant local gradient
orientations were identified and used to create a keypoint with that orientation. The last
step is computing a descriptor or a fingerprint of the keypoint to diffeteritifrom other
keypoints generat.

Recognizing distinct features or objects in an image is performed by first matching
each feature or keypoint independently to the database of keypoints extracted from a
reference image. However, many of these ihiiatches will be incorrect due some
outliers or indistinguishable features that arise from background noise in the image. Thus,

a random sample consensus (RANSAC) algorithm was used to remove false matches or

87



outliers and created a transformation amlegraphy matrices which was usedtiech two
overlapping images producing a stitched image.
5.3.3Spatial calibration
After generating the stitched image, a process called simple spatial calibration was
performed to determine the relation of image pixelsealworld units. By using an
imagery with two seeds of known spacing or distance, this distance in pixels was calculated
by a spatial calibration algorithm developed in MATLAB using the Euclidean distance

formula as shown in equation 5.

Q= @ @+ @ @° ©)
whered is the umber of pixels between the two objects in the image, ¥} is the
coordinate of the first object ancx(¥>) is the coordinate of the second object. The derived
conversion factor from the spatial calibration was theéted in the seed spacing algarith
that was used in the calculation of the seed spacing. The spatial calibration process is

outlined in Figure 4.

[ Stitched image ]

Plot image

‘ Create a line to connect two
seeds in the image

‘ Input the actual ‘
distance

[ Calibration factor ]

Figure 5.3. The framework of the spatial calibration algorithm .

88



5.3.4Seed spacingalculation

Oncespatial calibration is done, two succeeding images were stitched and the seed
spacing was measured using the seed spacing algorithm. The algorithm calculates the
spacing in pixels then multiplied to the caliloat factor. This process wadone
independently for each stitched image.

5.3.5Seeding depth measurement

A light section sensor (OXHZ0150.HI0720.VI short, Baumer Electric AG,
Frauenfeld, Switzerland) was used to record the seeding depth. The sensar 4lFigu
capable of measumpheight difference between the lowest and highest point on the ground
using a laser. As long as the sensor is fixed in one position, it can accurately measure height
difference of 50 mm which is its maximum measuring depthsTthe SAM system can
only measure depths of up to 50 mm. However, once the light section sensor moves either
upward or downward from its position, the depth readings varies. To address this problem,
a potentiometer (model 424A11A090B, Elobau sensor tdobwg, Inc., Waukegan, I,
USA) with a linear response of 4 to 20 mA and 12 mA as the center position was used to
determine the correction on depth readings based on changes in row unit vertical
movement. A laboratory set up (Figird) was constructed ttevelop a linear relationgh
between the light section sensor and the potentiometer at changing potentiometer positions,
corresponding to row unit movement, using 12 mA as the reference position. Recorded
data were plotted in Microsoft Excel to rggatelinear functions (Figureb.5) where
seeding depth measured by the light section sensor was the response variable and the
measuring position measured by the potentiometer as the predictor variable. Two linear

functions were generated where one linear fonc{Figure5.5a) representedownward
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movement of row unit and the second linear function (Figub) indicated upward
movement of row unit. The slope of the generated linear functions represented the amount
of change in seeding depth for every unit dem the vertical positionf the row unit.

These equations were used to adjust the measured seeding depth of the SAM system due
to row unit vertical movement. To illustrate, during testing the data acquisition system
records the row unit movement usirgetpotentiometer. The recead value was then
subtracted to the reference position which is 12 mA. The difference was then used to
calculate the correction needed to adjust the seeding depth due to the row unit movement
using the linear equations. The @mtion was added or subttaed, depending whether

row unit moved upward or downward, to the measured seeding depth of the SAM system
to obtain the correct seeding depth. After the tests, seeding depths of planted seeds were
manually measured which was theompared to the seedingotle obtained from the SAM
system. A seeding depth error of + 10% between the measured and recorded seeding depth
was considered acceptable for the SAM system to provide a considerable seeding depth
measurement confidence. Theevbor was calculated usingj.e6.

PQi i £i Gp T T (6)

where% error is the is the seeding depth errDy is the measured seeding depth

using SAM system anDr is the recorded (actyadeeding depth.
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furrow depth
ranging from 3.8
to 6.4 cm
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a b
Figure 5.4. The laboratory set up(a) for calibrating the light section sensor and (b)
components of the system.
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Figure 5.5. The two linear functionsfitted between recorded depths of the light section
sensor versus the potentiometer readings during laboratory tests. Linear function (a)
is when potentiometer reading was 1-2 mA suggesting downward movement of row
unit and linear function (b) is when poentiometer reading was 120 mA indicating

upward movement of row unit.

5.3.6Sensing and measurement system setup
The developed SAM system used to measure seed spacing, depth-towhteo
of corn is composed of a higipeel camera, light section semws LED light strip,

potentiometer, GPS, data acquisition system and a control computer -8)ure
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Planter row unit

Light section
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LED strip
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SEnsor response
High speed images

High speed camera

Data acquisition
[ Y &g »
RTK GPS unit
Potentiometer

Control computer

Figure 5.6. The components of the developed measurement system to recaeed
spacing, depth andgeclocation of corn.

The camera, light section sensor and the LED light strip were mounted on a 3D

printed frame placed between the gauge wheels and the closing wheels §FHigure

High-speed
camera

3-D printed
frame

t i v
- . Light section
LED light strip A

Figure 5.7. The location of the SAM system in the row unit.

All components were interfaced such that iigh-speedcamera was oriented to
face the furrow and aligned vertically with the RTK GPS rover receiver mounted on top of

the rowunit. The lightsection sensor is placed beside the camera which allows it to record
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the depth of planted seeds. The potentiometer was rigidly mounted on the toolbar using a
25.4 mm x 3.2 mm steel flat bar as a support while the rotating arm is conretied t

parallellinkage using a 6.4 diameter steel rod. (Fidu8).

Potentiometer

RTK GPS rover
receiver

High speed
camera

Light section
sensor

Figure 5.8. Diagram showing how the components of the SAM system are placed on
the row unit.

The system consists of tveeparate LabVIEW programs sittaneously collecting
data at 10 Hz. The first program was used to record seeding depth alodajem that
outputs data in a .txt file and the second program was used to capture images of seeds
planted which outputs data @n.jpg file. As the systens iinitiated, the higlspeed camera
captured images of individual seed, the light section sensor recorded seeding depth, the
potentiometer measured row unit vertical movement and the GPS unit acquired geo
locations simultaneougland saved them onto an extal hard drive (Transcend, Orange,
CA). Thus, each image which ideally should have one seed consisted of a data on seeding

depth, row unit movement and glzation.
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5.4 Results and discussion

5.4.1 Seed spacing

The test locaon was a ndill field at the North Agronomy Farm at Kansas State
University with average soil moisture content during tests of 19.1% volumetric water
content, ranging from 18.0% to 20.8%. Because the objective of this study is to determine
the functionéity of the SAM system, theetected field was relatively flat and removed
most residues thus creating an ideal test condition to evaluate performance of the system.
After each test runs, actual seed spacing was manually measured by laying a measuring
tapealong the furrow. The measd seed spacing was used to calculate the error using the
SAM system. An example of two consecutive images with overlap used in spatial

calibration is shown in Figure9.

a b
Figure 5.9. An example ofthe overlap (red window) between the (a) referencenage,
(b) the target image.

The image stitching algorithm used the overlap area between two images as the
matching window to extract common features to deigegnthe correspondence between
the two imagse before combining them into one single stitched image (Fiu6y. After

generating the stitched image, the spatial calibration was performed resulting inta-pixel
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actual distance calibration factor convegtia pixel into basic unit of measurementist

procedure resulted in a calibration factor of 0.022 cm per pixel (FigLig.

=

Bl

Distance = 14.5 cm, which = 868.1 pixels.

200 300 400
pixels,

a b c
Figure 5.11 (a) The known spacing and (b) the image used is spatial calibration and
(c) the calibration value.

Another set of two successive images was stitched (FBL2 to calculate the

seed spacing (Figuiel3).

a b c
Figure 5.12 A set of images (a and b) stitched together creating an image (c) for
seed spacing measurement
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Figure 5.13. The ?a) actual seed spacing and (b) measu:)ed seed spacinqgishe
stitched image.

Results of the field tests showing the seed spacing measured using the SAM system
and manual measurements are presented in bdblEhe RMSE was used to measure the
SAM system accuracy and the estimated or calculated spacingegeessed to actual
spacing measurements to deter mi ROuedhle mode!
the system was able to achieve an RMSE of M6&amd an Rof 0.87. Measurement errors
shown by the residuals can be caused by several fachich wonsists of distortion of
acquired images caused by the camera lens and potential human errors during manual
measurement of actual seed spacing.

Table 5.1. Seed spacing test resultRMSE=0.63 and R=0.87).

Actual seed .. . _Conversion factor, Calculated seed .
. Distance, pixel . . Residual, cm
spacing, cm cm/pixel spacing, cm
12.7 425 0.028 135 -0.8
11.9 410 0.028 11.5 0.4
14.5 490 0.028 13.7 0.8
10.7 370 0.028 10.4 0.3
12.7 425 0.028 11.9 0.8
11.7 410 0.028 115 0.2
10.9 420 0.028 11.8 -0.9
11.4 420 0.028 11.8 -0.4
14.7 480 0.028 13.4 1.3
13.2 460 0.028 12.9 0.3
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Actual seed Conversion factor, Calculated seed

. Distance, pixel : . Residual, cm
spacing, cm cm/pixel spacing, cm
104 350 0.028 9.8 0.6
12.4 450 0.028 12.6 -0.2
8.9 325 0.028 9.1 -0.2

5.4.2Seeding depth

The recorded and measured seeding depths are shown in bitirdRecorded
seeding depth are from the SAM system while measured seeding depths are actual seeding
depths collected during the expeaent. Measured seeding depth varied from 40 mm to 47
mm whie recorded seeding depth varied from 42 mm to 47 mm. Discrepancy between the
recorded and measured seeding depth can be due to the accuracy of the quadratic line model
to predict the correction fahe seeding depth measured by the SAM system. The average
seeding depth % error between the recorded and measured seeding deftiEwasth
standard deviation of 5.6%. Overall, 98% of the recorded seeding depth was within the
acceptable tolerance t%error suggesting that the SAM system can accurately measu
reat i me seeding depths. The SAtvhesegdngdepid s c aj
could potentially be used to either provide feedback to operators or the control system to
adjust gauge heel load levels to achieve target seeding depth at adstirAn active
feedback of seeding depth could also improve control system response and minimize over
and under application of load during planting which could potentially reduce areas with

shallowseeding depth or instances of sidewall compaction.
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Figure 5.14. The measured seeding depth during planting. Black dots represent
planted seeds.

5.4.3Image GPS coordinates

An example image and its GPSocdinates is shown in Figuéel5. In the current

systen the seed gelmcation was within +11.7 cm horizontal accuracy.

& test 014376 jpg Properties =

General | Secutty | Detals | Previous Versons.

Property Value
Wnte balznce

Photometric interpretation

Digtal zoom

EXIF version

Latitude 38; 12: 44 9171999559962
Longtude 96: 35; 52 6663000000064,

File
Neme lest 014376 pg
temtype IPEG image
Folder path Ci\Users\sabadua\AppDat
Date created 1/28/2019351PM
Date modfied 1/28/2019351PM
Sze 514KB

Figure 5.15. (a) Sample image and its (b) GPS coordinate

The SAM system careport images with no seed, which can be used for an analysis
of missing plants. Additionally, one seed may be shown in multiple images due to the
programmed degree of overlap. Since the target distance between seeds is very narrow,

cerain instances canalkie two images having the same seed and GPS coordinates.
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Therefore, visual inspection of individual images was performed to locate similar seeds to
allow accurate assignment of GPS coordinate to each seed. To illustrate, refer to Figure
5.16 where seed 2aa be seen on images a, b and c. Images b and ¢ have the same GPS
coordinate which can be used to locate seed 2. On the other hand, for image a where two
seeds are present, the GPS coordinate of that image can be used to locatenseesdadsi

2 was alrady assigned with its own GPS coordinate.

a ) b c
Figure 5.16. Set of images to be stitched and before seed spacing was measured

The ability to gedocate seeds will provide information on tteuse of wide gaps
after emergence. GPS locations of areas with wide gaps can be collected and matched to
the recorded GPS coordinates which can be used to confirm placement of the seed. The
presence of a seed in between plants indicates proper seemgnefténe planter and nen
emergence can be attributed to seed germination issues or other factors. For example, in
areas where plants did not emerge evenly, finding the GPS coordinatgss diefjaeen
emerged plants and matching them to the collecteddowies of images with the planted
seeds allows the growers to determine if there was a seed planted and it did not emerge or
if there was no seed planted. Such results can provide insighptanter metering

performance or germination issues. Overadlppcations can provide a more accurate
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estimate of the actual number of planted seeds per hectare and its spatial spread, providing

critical information on the accuracy of planting system.
5.5 Conclusion

The results of this study demonstrate that theerg@l of the proof of concept
system for measuring seed spacing, seeding depth addaggion of corn seeds on row
crop planters. These two seed placement parameters (seed spacing Jrafelépehmost
critical to corn growers, researchers, machirsanywice professionals and manufacturers.
Having the ability to understand retdhe seeding depth and spacing allows operators to
adjust planter settings on the go. At present, seeding deptramually measured by
digging individual plants locating thees:then measuring the distance to the ground. The
current seeding depth measurement process requires a lot of manpower, hours of operation
and is prone to measurement errors. Simply diggioguple of plants is not sufficient to
represent whole field vaaiion (thousands of plants). Likewise, plant spacing is currently
being measured by laying measuring tape and recording the spacing. The developed system
can radically change the method of m@w@&ment seed localization and provide
stakeholders more accueatpatial quantification of planting systems. The developed SAM
system was capable of capturing riiale images of seeds in the trench during planting.
The seed spacing from stitched imagesented a RMSE of 0.63 and & & 0.87.
Likewise, 98% of the morded seeding depth was within the acceptable tolerance £10%
error which suggested the system can potentially measurdimealseeding depths
accurately. Furthermore, the system could as&8&$ coordinates to individually map

planted seeds. The datalected via the SAM system can provide direct feedback to the
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control system for managing planting technology for achieving more uniform seed
placement, plant stand, and potentially improvireddy

Future recommended investigations will be accomplishethbynting the SAM
system on an actual planter and testing it across variable ground speeds, dusty conditions
and dynamic planting conditions to validate the robustness of the sensing syktsvisd,
further improvement on the data acquisition systenully automate data measurements

onrthe-go is required.
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Chapter6-Concl usi on and future

6.1 Conclusions

The following conclusions were drawn from this study:

1. Implementinga fixed downforce systemuith target gauge wheel lod@&WL) set at 35
kg showed thaGWL was maintained within the target range of 3458 kg for 33%
of the total planting timdt was also observed th25% of the total planting time GWL
was less than@hich indicate the gauge wheels losing ground contact resultarg&s
planted with upertain seeding deptiDifferent row section control scenarios showed
thatlower number of row units within a sectianpreferredor more uniform rowto-
row GWL control to account for the varying soil conditions during plantail
textureas measurebly soil electrical conductivity and soil compaction due to tire tracks
could influenceGWL uniformity. Results suggéslow target GWL for the fixed
downforcesetting and the need for an automatic downforce control system that is
capable of controlling smiak sectiongrovidingaconsistent GWL application across
all row unitsthat could potentially result in uniform skplacement during planting

2. Implementing an automatic downforce systewith downforce A (63 kg)and
downforce B 100 kg as the target GWEkhowed no differences on plant spacing but
downforceB resulted irhigherplantspacingaccuracy DownforceB at7.2 kphground
speed achieved the desired seeding deptsdrdingdepthgets shalloweas ground
speed increasds 16.1 kph With downfore A, seeding depth was consistently shallow
on ground speedganging from 9.6 kph to 16.1 kph on bdtalds. Both downforce

settingrevealed increasing row unit acceleration as ground speed incoragesh
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fields. Such conditions are likely to increaberow unitvibrationpotentially affecting
effectiveness ofhe seedmetering unit to singulate sggaccurately

. Row unit acceleration on wing, track and rteerck sections increases wignound
speedncreasing from 7.2 kph to 16.1 kpling control gction showed the higher row
unit acceleration compared to track and-tr@ack sections witlan average acceleration
of 8.6 m/s? on a netill and 6.5 m/s* on strip-tilled field. Strip-tilled field exhibited
lower row unit acceleratioby 18% compared to nill field. The active downforce
system showed its ability to maintain the desi@BML within the target range on each
row unit sectioracrossground speedanging from 9.6 to 12 kpbn strip-tilled field.
Gauge wheel load on stripled field stayed witin target range on wing and-t@ack
sections across all ground speeds. Bimrce requirement increases with increasing
ground speedcross all row unit sectisrespeciallyfor no-ill field.

. A proof-of-concept sensing and measurement (SAdy¥tem was deloped to
measure and calculateexd spacing, depth and gecation of corn. The system uses a
high speed camera to capture successive images of planted seeds arGBRR Uit
provided each image a GPS coordinate. Images were stitcheskeddspacing as
calculated. A light section sensor measures seeding depthldylating difference
between the distance from the bottom of the trench and the ground sGdmdated
and actual seed spacing revealed a-noe&n squared error (RMSE) @63 cm and a
coefficient of determination @ of 0.87 and 98% of the recorded seeding depth was

within the acceptable tolerance +10% error.
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6.2 Recommendations for future work

Resultsof the studysuggesideal target GWL ranginfbom 80 kg to 100 kdor
ground spea of 12 kph or lower when implementing an active downforce setting. At faster
ground speed of over 12 kph, more than 100 kg GWL is desirable to maintain seed
placement uniformity. Although carefubWL selectionis needed to prevent soil
compaction caused yotoo muchload application Future investigatiols may consider
conducting more intensive field tests’er multiple yearsselectingwider downforce
setting at varying driving speed obsewing stability of individual row units and
understad crop response iterms ofemergence, seeding deppiiant spacinginiformity
and grain yield. Moreover, improving the data acquisitiorand image processing
componenbf the developed sensing system is ne¢dédlly automate data measurements
on-the-go. Actual field testsare also recommended to assasbustnessand tofurther
increase the utilization of the SAM systeAn advanced control systewmiill provide more
direct feedbackto operatorson reattime seeding depthallowing the selectionand
managenent of the desired downforce automatically time-go as field operating
conditions and operatdiriving styles change. Therefore, integration otssgstem would
take away the guess work and provide-teaé accurate control.

6.3 Practical implications

Placing seeds at the desired depth and spacing consistedtivithin schedule is
always a challenge for growers during planting season. Row crop planters have become
bigger and sophisticated with all the breakthrough technologies developed to accomplish
planting operations more precise and faster than everebglimviding growers the

opportunity to maximize yield over a wide range of operating conditions. With increasing
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width of planter toolbar so does the variability on seed placement across all row units.
Understanding how planting technologies respond et fheterogeneity will provide
growers the decision tools to maximize planter performance basi@ @actualplanting
requirements of their field.

Downforce technology in row crop planters have progressed from mechanical
springs to hydraulic cylinders aiming to acately manage weight acting on individual
row units. Ideal downforce prevents soil compaction and ability to place seeds at the right
depth with the right soil moisture and temperature providing the ideatesed contact
leading to proper seed gerration and plant development. Field conditions vary between
fields and have shown to cause variability in 4teak gauge wheel load (GWL) of
individual row units which could potentially affect planting performance. Soil strength and
moisture can be indicadl by soil texture which can be defined as the ability of the soil to
hold water. Coarseextured or sandy soils have a lower capacity to hold moisture and
requires lower resistance for soil penetration. On the other handefituged or clay soils
has ligher water holding capacity and higher penetration resistance. Planting on soil with
varying soil texture requires different levels of downforce to overcome soil resistance in
creating the seed furrow. Actual planting operations revealed that fixed doesktting
resulted in significant areas where the row unit applied too much or less than 0 GWL. Too
much GWL could cause the seeds to be planted too deep or create furrow sidewall
compaction restricting seed emergence and affecting plant developmerthae® GWL
suggests uncertain seeding depth dymtentialloss of contact between the gauge wheels

and the ground surface. Understanding gauge wheel variability and its impact on planter
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operation is critical for both selecting the type and resolutionwhttwrce control systems
for planters.

Most manufacturers started by manufacturing pneumatic downforce control system
with section control. However, more recently most manufacturers have moved to adopting
hydraulic downforce on a rowy-row control. Agronmic response as reported in this
research showed the need for varying levels of downforce control system management
across a range of machine and field operating conditions. Selecting the ideal downforce at
planting is critical at it defines how plantsimdevelop throughout the whole growing
season. This was observed during the research that selection of incorrect downforce can
impact the accurate seeding depth without operator knowing it from the cab display,
although the monitor would indicate correstanagement of user selected target
downforce.

Rapid advancement will continue to innovate planting system technology. Seeding
placement, and machine dynamics during planting could impact yield variation. Limited
data during this research indicated thagréh might be significant roswo-row yield
variations. Therefore, some version of the seed placement sensing system developed could
provide direct information on most critical seed placement parameters. Since operators
could not ascertain seeding depth aacy from the cab, a seeding depth sensing system
could not provide direct feedback to the user but also to control system to fine tune machine
control to correctly place seedrurther improvement of the developed sensing and
measurement system will prald operators feedback on réiahe spacing and depth

allowing downforce adjustments according to actual soil conditions.
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In summary, adoption of precision planting technologies requires understanding of
in-field conditions and requirements providing grosvéhe ability to make informed
decisions leading to efficient land utilization, improved crop performance and sustainable

production.
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A.1. Introduction

Planting accuracy and efficiency to maximize yield potential can be attained
through optimization of field management practices and adoption of latest equipment
technology. Rightonditions at planting can highly influence how the plant progress for
the rest of the growing season. Soil temperature level and moisture determines the proper
seeding depth for optimum growth and development of corn. Thus, weather conditions
during theplanting season, as well as the timeliness of planting, impacts the yietenmut
In northeast Kansas, optimum planting window for corn ranges from April 15 to May 10
where the ideal soil temperature of 55 degrees Fahrenheitiach @epth is reacheaif
favorable planting operation&®oozeboom et al., 2007Planting within ideal planting
dates have shown adfect potential yieldLauer et al., 1999; Nielsen, 1995However,
frequency of extreme pcipitation events that may be due to climate ch&bgean et al.,

2015) resulting to fields becoming too wet restricting access for planting inegh
potentially reducing the planting winddrban et al., 2015Moreover, seeds on wet soil
may be exposed to very low or fluctuating soil paratures affecting germination and
seedling emergend@bendroth et al., 2017)Thus, farmers adopt several management
practices to compensate for reddigganting days through selection of suitable tillage
systemgLong et al., 2017)longer or shorter maturity hybrids when planting early or late,
or planting with higher ground speed toreomore acres.

In the context of advanced planting machinery, manufactunaeve developed
technologies to continuously improve planter performance in the field. Among them is how
to consistently plant at the target seeding depth by effectively selectihgnplementing

the ideal downforce on planter row units. Downforce isatm®unt of load applied on the
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row unit to achieve the desired seeding depth. This load is distributed to the opening disc
for soil penetration at the desired seeding depth arekttess load is taken up by the gauge
wheel. The gauge wheel load can beduarytime by the opening disc when additional
load is required for soil penetration usually at heavier textured soil (clay). As such, it is
important to always maintain an optimuevél of load on the gauge wheel to prevent
shallow planting. More often,odvnforce requirement varies across the field due to
inherent spatial field variability which can significantly influence the selection of row unit
downforce applied during plantind@@adua et al., 2018)Soil moisture, texture and crop
residue are several field conditions that affects omgsnitiscs ability for proper soil
penetration which could result in shallogeeding depth or sidewall compaction.
Insufficient load on the row unit could cause too much row unit bounce which could result
in uncertain seeding depth and namform seed spacg. Thus, proper downforce
selection is critical to achieve desired seeacpment consistenciadua et al.(2018)
reported that proper setean of planter downforce setting could potentially result in
uniform seed placement even at faster planting speed. Therefore, this study aims to assess
the grain yield differencevhen implementing different levels of downforce settings for

two differentdownforce systems.

A.2. Methodology

A.2.1Planter set up
A row-crop planter planter (Maestro 30 SW, Horsch Maschinen GmbH,
Schwandorf, Germany) with 12 row units spaced at 762 namt aperated by a John Deere
8250R tractor was used in planting corn (F@Arl). The planter was programmed to

implement fixed and active downforce system.
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| Figre 1. The row rop pIr ue i h study
Each row waquipped with a load cell (Model 6784, Horsch Maschinen GmbH,
Schwandorf, @rmany) to measure the raamhe gauge wheel load (GWL) applied during
planting. Row units are grouped into control sections where pressure transducers (HAD
8441-A-0250161, HydacGlendale Heights, IL, USA and Model KM41, Ashcroft Inc.,
Stratford, CT, USAwere installed on each section to measure thetirealhydraulic oil
pressure applied. Oil pressure readings will indicate the hydraulic system applying pressure
on row units toimplement desired downforce setting during planting. The planting unit
utilizes an electronic drive pneumatic seed meter equipped with 21 slot seed plate for
medium round corn seed. Providing feedback on seed singulation was a seed sensor (Hy
Rate Plus, Qikey-John Corp., Auburn, IL, U.S.A.) placed along the seed tube on each row
unit. Four accelerometers (Model 3741E1210G, PCB piezotronics, Depew, NY, USA)
were mounted on selected row units (rows 1, 5 7, and 12) to record row unit vibration
during plantingand a potentiometer (Model 424A11A090B, Elabou sensor Technology
Inc., Walkegan, IL, USA) mounted on one row unit was used to measure toolbar operating
position. Location and travel speed was measured using-mculaccuracy GPS unit

(GR5, Topcon Posibning Systems, Inc., Livermore, CA, USA). Load cells, pressure
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transducersaccelerometers, potentiometer and GPS signals were recorded using laptop
computer (Latitude 14 3470, Dell, Round Rock, TX, USA) and a NI cRIO chassis via C

Series modules (Nationaistruments, Ausin, TX, USA) at 10 Hz sampling frequency.

A.2.2Field and experimental layout

Research was conductedin 2017 in a production field located aBlaine, KS
(39.358068;97.160018 (FigureA.2). The field adopt a ntll managemenpractice with
moderate amount of crop residue. Using the USDA Web soil surveyhtsldilty loam
soil type and wellrained soil property. Volumetric soil moisture content at planting
ranges from 25.4% to 40.3% with an average of 30.6% measured ati8epth using a

digital moisture meter (Hydrosense Il, Campbell Scientific, Logan). Bxperimental

plots for fixed and active downforce study were placed side by side in the test area.

The field layout was arranged g onefactorial Randomized complete Block
Design (RCBDXtructure with three replicates. Tineatmentactor was downforce system
with two levelsselectedo implement low and high downforce. Farm owners/collaborators

were consulted on their previous targgauge wheel load (GWL) implemented when
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planting and decided to select 620 N (140 Ib) to implement a low downforce, referred
herein asndgid owndeset the GWL at 980 N
I mpl ementati on, ref er Buehdvalleg where almolks load hi g h
ranges implemented biyanna et al(2010) Two downforce systemaere utilized to
implement both settings. Fixed downforce system is characterized by setting up the planter
to apply a fixed GWL level necessary to place the sedteatlesired depth. The planter
will then apply this constant load throughout the field duplagting operations. However,
varying field conditions may alter gauge wheel load requirerfigadua et al., 20)&or
proper seed placement. As a result, seeding depth may have been compromised due to
inconsistent load application as fixed systems are unable to contpefwtavarying
conditions across the field during planting. Active downforce systermmapable of
adjusting load application in order to maintain the target GWL set on the planter. The
system utilizes hydraulic cylinders to increase and decrease GWLdraBeldi conditions
during planting. Thus, the system can apply uniform load which could resutonsistent
seed placement.

Eachplot corresponds to one whole width the planter consisting of 12 rows. The
experimental unit consists of one row randois#yected among the 12 rows where a 0.6
m (17.5 ft) long strip was staked. This row lengthdsivalent to 1/1000th acre for a row
width of 30 inches which is recommended to achieve an adequate sample that would
represent the rest of the figlBenson, 1990)A seeding rate of 84,000 seeds/ha (34,000
seeds/acre) was applied atadget seeding depth was set at 5.1 cm (2 in) for all the

treatments.

121



A.2.3Grain yield calculation

Measuring yield was performed by manually harvesting thre ears of all the
plants along the experimental unit which ranges from 28 to 32 ears pareneaAfter
removing the husks, corn ears were weighed using a digital weighing scale (Scout Il, Ohaus
Corp., Florham Park, NJ) (Figute3a) before the ears weiindividually shelled using an
electric driven corn sheller (Black Beauty, Durbin Durco, ,If8t. Louis, MO) (Figure

A.3b) located at the North Agronomy Farm at Kansas State University.

Figure A.3. Weighing of corn ear (a), shelling tacollect grain and (b) and moisture
tester for grain moisture measurement

After shelling, corn cob was weighed using the digital scale. Weight of the cob was
subtracted to theveight of the ear to determine the weight of the grain. Shelled grain were
collected and measured for grain moisture using a grain moisture tester (DitkeAC
2000, Auburn, IL, USA) (Figuré.3c). Corn yield were calculated following the procedure

described by Lauer (2002).

A.2.4Data analysis

Analysis of variance (ANOVA) were performed using the MIXED procedure in

SAS University Edition (2017 versipiBAS Institute Inc, Cary, NC, USA). The CORR
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procedure was used to perform a correlation analysislea the main effects. Comparison
among means were done using Fishers protected (Least significant difference) LSD test.
Unless otherwise indicated, eftsavere considered statistically significant at the 0.05 level
of probability.

A.3 Results and Discusion

Results indicate thatriplementing an active downforce system could result in
higher corn grain yield compared to fixed system (Figu#). Results Bow thatgrain
yield difference was 817.6 kg/lmetween active and fixed downforce systems. Yield can
be influenced by many factors including machine, field and weather conditions. However,
on a machine standpoint, planter equipped with an active dovensgstem caprovide
the optimum loadingcross all row unitkor proper soil penetration regardleg<ield and
soil conditionswhich could result in a uniform seeding depth and spacing of plants.
Uniformity of seed placement have been reported to resuiaximum yield potential in
corn. Such resulindicaesthe potential advantage of an active dowvoé systenover
fixed systemsFixed downforce may not be able to maintain the desired load for all row
units as different soil textures may require vagyiloading levels to overcome soil
resistance in creating seed furrow at the desired déptls, ths highlights the importance
of selecting the proper downforce system or downforce setting to implement the required
downpressure in achieving the desisskd placement consistency on the field which may

maximize grain yield
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Figure A.4. Grain yield difference between fixed and active downforce systems. Error
bars represent the 95% confidence interval for the means.

A.4 Conclusion

This study examined how grain yield of corn respond to varying downforce setting
and system of row crop phnter. Results indicated thgtain yield is affected by the
downforce systenOn average, grain yield difference was 817.6 kg/ha between active and
fixed downforce system. It is suggested that selecticemadictive downforcsetting for
thefield conditions under studycould result in achieving desiresged placement resulting

in higher yield compared to a fixed downforce system

124



AppendixB-Fi el de gueisptnse nt speci fic

B.1 Horsch row-crop planter

Model Maestro 12 30 W
Transport width () 12

Transport height (ft) 13

Length (ft) 31

Weight empty (Ib) 15,300
Downpressure (Ib) 125300

Tire size 20.8 R42, 520/85 R38
Number of rows 12

Row spacing (in) 30

Seed hopper capacity (bu) 140

Fertilizer hopper capacity (gal) 1000

Drilling depth (in) 0.53.5
Recommended tractor power (hp) 180

Hydraulic control units (hp) 3

Case drain 1

Oil quanity

Fertilizer pump (gpm) 6

Fan SOD (gpm) 6

Fan vacuum (gpm) 7

Required current (A) 50
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B.2 John Deere Tractor

Model
TractorPower(PTO)
Engine

Manufacturer

Fuel (gal)

Cylinders
Displacement (L)

Rated engine operating rpm
Cooling system
Coolant capacity (L)
Engine d@ capacity (L)
Hydraulic oil capacity (L)
Hydraulic type
Hydraulic flowrate (Ipm)
Transmission

Type

Mechanical

Chassis

Steering

Dimension

Wheelbase (in

8270 R

261 HP

Variable geometry turbocharged diesel
John Deere

180

6-cylinder 24valve

9

1,500i 2,100

Liquid

40

25

40

Closed center, pressure and flow compensate
166.5

John Deere PowerShift

Full power shift

4x4 MFWD 4WD
Hydrostatic paver

120.1
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Model

Manufacturer
Dimension (mm)
Display size (in)
Internal hard drive (\8)
Mounting bracket
USB connectivity
Inputvoltage ¥ dc)
Software version

B.3 John Deere Field computer

GreenStai3 2630
John Deere
9.2x21.7

10.4

800

2.0

13.6
GS3
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B.4 Load cell

Model 6784

Manufacturer Horsch Maschinen GmbH
Measuring range (kg) 0- 1000

Output (MmA) 4-20

Input voltage (Mo 12

128



B.5 Pressure transducer/ Hydaulic sensor

& i;zsg
SHcroFT*
'f‘: KM &1
Mo gsoer

" 4.20mA

13 39 vOC ‘_‘-:Q \
e | Fan )
ot

Model KM41 Pressure
transducer

Measuring range (psi) 071 7,500

Voltage output (o) 0.57 4.5

Current output (mA)  4-20

Supply current (mA) 5

Supply voltage (o) 10- 30

Housing Stainless steel

Weight (g) 90

Cable Shielded Cable3 W
standard, 24 AWG,
PVC Jacket
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B.6 Ground speed radar

Model

Manufacturer

Velocity range (kph)
Mounting angle (deg)
Mounting height (in)
Power requiremest(Vdc)
Weight (kg)

Dimension (in)

Output signal (Vdc)
Connector

Radar Il

DICKEY-john

0.53i 70.8

35+L5

18- 48

9-16

0.5

4x34x3.1

0.71 1.5

Amp 2064291 (Mating Connector AMP
2064302)

A Pin 1Bla&8k ound

A Pin 2 -Sieepnal Out
A-02 vDC A Symmetr
A Pin 3-Rd2 VDC

A Pin 4 Radar Pres
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B.7 Seed tube sensor

Model Hy Rate Plus
Manufacturer DICKEY -john
Dimension

Photo detector module (in) 56x1.1x0.65
LED Module (in) 2.37 x 1.16 50.49
Operating voltage (Vdc) 7.57 8.75
Operating current (mA 75

Connector 3-pin weather pack

A P ii GreeA Wire Signal
A P i BlaciBWirei Ground
A P ii Red Wirei Supply Voltage
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B.8 Potentiometer

Model

Manufacturer

Bearing type

Central position (mA)
Operating temperature (deg C)
Input current (mA)

Input voltage (Vdc)

Output signal (mA)

Connector

424A11A090B

Elobau Sensor Technology, Inc
Ball

12

-40to +85

18

12

4-20

3 pin AMP Superseal 1,5
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B.9 Soil EC mapper

Model

Manufacturer

Dimension (in)

Weight (kg)

Minimum power required (hp)
Coulterelectrode blade diameter (in)

Hitch

Maximum field speed (kph)
Maximum transport speed (kph)
EC surveyor instrument
Dimensions (in)

Power (Vdc)

Input

GPS requirement

Output

Mapping software

MSP 3

Veris Technologies

90 x 72 x 1083-point); 174 (pull-type)
635

30

17; thickness 4mm; with tapered roller
bearings and cast iron hubs ; Rock guat
for hub and cajprotection

20 balll coupler an
7,000 Ib rating (3173 kQ)

25

50

21/16 x9x 7.5

10-15

GPS and EC signal cable

NMEA 0183 protocol; input from GGA
and VTG or RMC strings at a 1 Hz rate
(4800:8-N-1); serial connection with DB¢
connector, femaleockets; GPS signal or
pin 2, ground on pin 5; no signal or pow
on other pins

serial port to comuter, recording device
or DataLogger; ASCII tab delimited EC
and GPS text

Compatible with Windows XP

Displays EC dataeattime for coverage
verification and visual review of map
quality

Records geoeferenced EC data to
computer
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