Story behind the Storyabout the
ARS Coop R& D Project for Laser-Beam
Grade-Control on a Draintube Plow
by James L. Fous$h.D., P.E.

Preface

The U.S. Department of Agriculture (USDA) Agricultural Research Service (ARS) is the scientific
and engineeringesearch agency whose mission is to develop new and improved technologies to
enhance agriculture and food production for p
is soil and water management and conservation varetarried out at a natnal network of Federal
research laboratories, many of which ardamated and cooperative with major Universities. The

new knowledge, concepts, and technologies developed and demonstrated by ARS research are
transferred to private sector agriculturabgwucers and service providers (e.g., manufacturers) for
implementation and delivery afnproved products and services to the public.

Foreword:

This is a story about activities OfSDA-ARS researchers, namely myself (James L. Fouss, Research
Agricultural Engineer) my technician and eworker (Norman R. Fausey, Engineering Technigian
ARS and university professionalglusindustry cooperatorsControl IndustriesProcess Equipment,
Laserplane, and Caterpillar Tractor Pwho wereall very important irthe development and testing

of theoriginal laserbeam automatic depth and gradtrol system for the drainage plthat helped

to revolutionize the subsurface drainage industry inetimby 197Gs. This is a previously unwritten
story, butparts of it were told a number of times by Jim Fouss over the years to selected colleagues
andfriends Many of theactivities ancevents included in thigay have never been published.

Introduction

It has beemoted in published materiatyy someinternationallyknown subsurfacelrainage
experts Dr. Jan van Schilfgaarde, Dr. Glenn O. Schwab, and Mr. Ronald C. Rdlewefortunately
now deceasgdthat focusedresearch during the 198®75 decadeadvanced andmproved
subsurfacerainage technology more thhadoccurredduring the previougd00 yearsThe research
and developmeneferred tded to the replacement btfpically slowtrenchinstallation of rigid clay
or concretedrain tile with light-weight corrugatedvall high-densitypolyethylene KIDPE) plastic
drain tubing installed with ploviype equipmentbr high-speed trenchers controlled Byaserbeam
(or Laserplaneputomaticdepth & gradecontrol system. The origindaser gradecontrol research
and developmemwas conducted ban engineeandhistechnican employed byJSDA, Agricultural
Research Servicelames L. Foussagricultural engineerpnd Norman R. Fausefengineering
technician) who werestationedin the Department of Agricultural Engineeriag) The Ohio State
University in Columbus, OH The ARS researchersvorked cooperatively with University
researchers, and thegstablishedcontractualarrangemerst with industry expertsin electronic
feedbackcontrolsto developan electronic circuit fom prototypegradecontrol systemto conduct
performancend evaluation testindfter field testingorovidedproofthe lasetbased systenvorked,
the technology was transferreddminage equipmembdustryrepsfor productdevelopmentField
demonstrationsvereconducted cooperatively by ARBniversitycolleaguesand Industry partners
on drainage plows and trenching machin&sdespread adoptioand uséy contractordollowed.

This paper on the cooperative research and development for thédasegradecontrol
system follows distory-behindthe-storydo theme forseveral keyevents that occurreduring the
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work on the projectMany of these eventtiave neveibefore been written abounor previously
publishedhowever, some were discussed with selected indivsdwalr the yearsS o me of 0t he
eventsvere progressive in nature while others were barriers to progress that had to be gweandome

a few are comi¢now, but notnecessarilyat the tim¢. Therewere, however, three papers or stories
thatwerepublishedand widely distributedbout thesuccesful research and developmembjectthat

led to the lasebeam (or Laserplane) automatic grambatrol system for drainage installation
equipment Referencecitationsfor those three publications alisted below(Printed copies of the
PDFdocumentdor the publishedpaperq1) and (2)are included in RPENDIX Il of this story:

(1) Fouss,JLland Fausey, N. R. i Resear cher s-ConbobSygemdalmtd Fau
Transforms Drainage and | rrigat i @AgricufuekSciencelandgy , 0
Technology (CAST)NewsCASTA Success Stories i-b8 Jagl20@4ul tureo 3

(2) Fouss, J.Land Fausey, N.R. Research and Development of {Beam Automatic Grad€ontrol System
on High-Speed Subsurface Drainage Eqoémt. TRANS. of the ASABE. 50 (5): 164%67. 2007

(3) ARS research for development of the LaBeam GradeControl System for Higispeed Drainage
Equipment washonoredby ASABE with a Historical Landmark Plaque; plaque and accompanying
research story wa®dicated and mounted in The Food Agricultural, and Biological Engineering Dept., The
Ohio State University, Columbus, OH, May 200{Fig. 1, Historical Landmark Plague)

LASER BEAM AUTOMATIC GRADE

~»
o>

A HISTORIC LANDMARK

3 0
AGRICULTURAL AND BIOLOGICAL ENGINEERING

The first laser grade control was developed by agricultural engineers
James Fouss and Norman Fausey of USDA’s Agticultural Research Service
at The Ohio State University in the mid-1960's. That system controlled
the precise depth and grade of subsurface drains by regulating trenching
and plow-type drainage machines. Photo cells mounted on the drainage
machine automatically raised and lowered the digging device, keeping the
tells centered on & Jaser beam set to the desited elevation and grade. The
necessaty signal processing circuit was designed and fabricated fot ARS by
Control Systems Co, of Urbana, OH, co-owned by Ted L. Teach.

Concurrently, Robert H. Studebaker, of Tipp City, OH, began to develop
a laser controlled motor grader. Studebaker introduced a rotating prism
to create & “plane” of laser light that could control several machines on a
field. In 1967, Studebaker and Teach formed the LasetPlane Corporation
in Dayton, OH. Laser control of & trenching machine was first
demonstrated in September, 1968 at the Ohio State Farm Science Review.

Priot to laser control, grades were controlled by a skilled machinery
operator using & sight bar with a series of targets place at 50 to 100 foot
intervals, Now, continuous improvements and innovations have led to
vastly expanded applications of laser-beam control technology to
agricultural, construction, industry, and military tasks, worldwide.

DEDICATED BY THE
AMERICAN SOCIETY OF AGRICULTURAL
AND BIOLOGICAL ENGINEERS

2007

Fig. 1.ASABE Historical Landmark PlagugnoringARS research for development
of the LaseBeam GradeControl System for Higtfspeed Drainage Equipment

! The Councireviewed about 200 AR@searclprojects, and selead this accomplishment as the first of ofalyr
fisuccessstorigs publ i shed t o doc uhmd.8Congeessdhatdesearchrdsllars paytolf. f or

2 The SniorAuthorand CeAuthor wereinvited by the American Society of Agricultural and Bidkma Engineers
(ASABE) to authotthis article for publication a special Centennial Issue of fhi@nsactionsof ASABE



Background

High-speed installation of plastic subsurface drain tubwitg a drainage plowvas possible
by the mid-1960's usingcoilable lengths of corrugateslall high-density polyethylene(HDPE)
plastictubing (3 - 4 inchesin diameter) There isanotheffistory-behindthe-storydo on how and when
the original sample of corrugatedhll HDPE tubing was acquired and its potential dse as the
experimentabrainage conduit was quickly recognizddhat additionalbackgroundstory is written
about separatelyand covesthe earlier phases of the ARS research project (1985) that involved
the development and testinfja Vinyl sheeplasticliner formed into an arch or a cul@rconduitand
placed within a 3nch diameter mole drainage channel formed by a mole.plte authos were
responsible for the | ast phase of -drairecircelaar | i e |
flinero was formed and placed into the mole drain chartftgjes of th®.015in. thick Vinyl plastic
sheet wer e A zwitpnghe meadadion equigneetd Foemraclosedcircularmole-drain
channel linerThe experimentgblow-typeequipmentea ed t o i nst al |-drainhirer Az i p
is shown in Fig2. Gradecontrol on thanole-plow was maintained mandyaby the tractor operator
to hydraulially adjust the plowing deptio maintainapointerstick on the plow framalignedwith a
stretcted string along the drain pahig. 2); the stretched stringaspreset to the drain gradient.

-
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Fig. 2. FloatingBeamMole-Dr ai n Pl ow equi pped with a
plastic moledrainlinerinstallation attachmeniyheels  plow frame
were for transport only when out of the ground, plotw depth control.

These early field trials with the equipment shown in Bigonfirmed thaimanual control of
depth and grade of the drain plow by the operatagratindspeedsof 30-45 meters per minute
(100-150 feet per minutejvas notacceptable opractical. Traditional deptgrade control on slow
moving trenching machines was accomplished visually by the operator aligning a sightiAgacross
on thetrencher digging mechamsframe with targets alignetb the drainpipe design gradéope
across the field. This required constant attenbbrihe equipment operatobut was reasonapl
accuate forthe slowettrenching speeds of Bl meters per minutél0-35 feet per minute)Another
techniquefor a trencherfmore commonly used in construction projects, but not for agricultural
drainage installationsyas to use a wire stretched parallel todksignbottomslope for the trench
The trencher operator visually maintained a refeeebaror pointerin line with the taut lineTo
insure more accuracy on specific installation jobs dtretched wireras useés a referendane for a
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feelersensorarmto activatehydraulicsolenoid vales to automate éhdepth control on the trenche
However the time and cost of settirayeference wirdor each drainline would have been excessive
and thus not acceptabkespecially for higkspeeddrainageplow equipmentit was estimated that it
could require from 9 to 12 workers (in teams of 3rkeos each) to stay ahead of the drainpipe
installation with the higtspeed plovio pre-set suclgradereference wires.

Early Field Researchto select Plow Frame Design

Even before the corrugatedall HDPE tubing was selected for the drain pipe matesiben
testing and evaluation of the plaslimed mole drains continued with the drainage plavegeries of
field tests vereconducted to characterize agwbluae thefifloating-beand principal of operation for
the drainage plowAs shown in Fig2, the initial mole drainageplow was modified tanstall the
plasticlined mole drainsandtwo crawler tractors pulling in tandemwere usedo that the downward
draft-line with the plow hitched to the drawbar of the trailing tractor would not cause the fittvet of

tractor to raise or lower as the plow depth hydraulics were operated to control drain depth and grade

Any upward and downward tipping motion of the crawler traastould havemadeaccomplishing
accurateggradecontrolmuchmore difficultfor the opertor. By the second year of the project at OSU,
another plowunit was designed and constructed that diasctly mounted on the larger tractor with
forward hitch pointsThe downward draftine from theforward plow hitch pointsmaintaired the
crawler track relatively flat on the ground as grackentrol changes were madbg hydraulically
adjustng the vertical positiorof the plow hitch points along the sides of the crawtleis second
floating-beam type plow is shown iRig. 3. Still, two crawler tractor§a D-7 plus a B4) were
required to pull the drainage plow approximatelfg.2leep in a heavy clay soil.

Fig. 3. TootBar Mounted Floatinddeam MoleDrain Plow installing

fizi pper edo-dmihlmer;itwheels anpl frameare for plow
depth controln fields pregraded to suitable slope for constant depth
drainsor periodic minor depth changes along drainline path.



Field Trials with Fluid -Dampened Pendulum as an OiiPlow Grade-Control Reference

A hydraulically-stabilized(fluid-dampened)self-leveling pendulum control systeas used
on sidehill cerealgrain combineequipment with seltleveling only in the direction of travelvas
mountedon the plow beamas shown in Fig..Field tests were condctto determine how accurate
the installed drain depth and grade could be controlled with such a somplw vertical
referencingsystemTh e hydraul i c response needed t o adju
grade at théigh groundspeedf the drainage plowvas als@valuated in these field testster only
a few field testsresults confirmed that an efiiachine elevation referencing systemuld beneeded
with an onplow sensorthat could monitoor sensehanges in the plolweamelevationduring rapid
forward motion.The field tests we did conduct with the-plow pendulum device provided valuable
design informatiorior the speed of hydraulic resporreguiredatthe plowhitch pointto adequately
control depth and grads the high speed anstalling drain tubng with thedrainageplow.

Early Laser-Beamtesting and selection of a commercial unit

It had been envisiondaly the ARS lead research@ouss)aboutthis timein the midl 9 6 0 6 s
that ahelium neorgaslaserbeamsystem with its high-intensity andcollimatedlight-beam (which
was in the late stages of developmieyDr. CharlesTownes® at U.C. Berkley, CA would provide
an excellenoff-machindight-beamreferencing system needed on the ksgleedirainageplow. The
idea showegromise only ifa suitable plowmounted lasebeamsensomor receivercould befound or
developedo detect the lasdream projected egrade br operating the hydraulicsystemon the
plow. The hydraulic systemesponse wouldeedto keep the sens@enteed on thdaserbeam for
controling the drain depth and gradsthe drainpipevasinstalled athefast ground spesdWhen
word got out at the ARS Beltsville office of what | was attemptioghg it was suggested in a
handwritten noteby theARS Administrator(Mr. T. W. Edminster}hat | shoulchot use the laser as
it would be too expensive.tbok note ofthe advece, but with no other goodption oralternative in
mind decided t@roceed a$ hadoriginally planned (There is a relatedshort-Story to this advice
that occurred many years lateBeeattachedRelatedShort-Story #1 inAPPENDIX 11 1). Thus,our
searchbeganfor a suitable lasébeamprojector system (if it could be acquired so early in its
development stag@and at a cost that teRS project budgetould suppor, while at the same time
searcling for a suitable sensar receiverfor the projected lasdseamin thegradecontrol system.

A graduate studemissociat®f mineat The Ohio State Universi{yhave forgotten his name)
who worled inthe PhysicsLab of the Battelle Memorial Laboratory neathe OSU Campus had a
laboratorytype laser unit(a helium-neongaslaser | do not recalits mW output)that he agreed to
loanto me He was taking about a 2 montiork-relatedtrip to Europeand would not need it while he
was out of the countryVe (Normand Il)picked it up from his lab and set it up in the basement area of
the Agriaultural EngneeringBuilding (lves Hall)at OSU We wanted to be in a dark room wle
ambient light vould not be a factor in our initial selection trials with different phdtdoesfor their
sensitivity in detecting the projecteeld laserbeamlight.

After we began the testing of various photill units in the Ives Hall basement laboratory
with the borrowed lagebeam unit,tiwas soon founthatin the mid1 9 6 8 suitablghotocell was
apparentlynot commerciallyavailable to sensthe bright red lightemitted by thehelium neongas
laserbeam As we began the search fphototubes that were sensitive andesporsive enough for

3 Dr. Charles Townes was 99 yrs. old 07/28/2014, and a birthday party was held for him at Univ. of California., Berkeley.
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our intendedresearchapplication our search efforts were temporarily interrupted as related in
anothershortsidestory. [SeeSide Story #2 associated with éloan of the laserbeam unitthat is
included iNAPPENDIX |1l about the inerruption & excitement during this phase of the projéct
After resolving the situation causing the interruptiosugablephotdube wassoonlocated but then

we quickly learnedthat it was also very sensitive to sunlighbus we desiged and fabricatd the
prototype lasebeam sensor device likenaulti-baffled shadowbox to block random sunlight rays
from entering and striking the phetobe elementsThe designconfiguration and sensitivity testing

of the prototype lasdseam receiver undredexribedand illustratedn thefollowing sectiors.

Conceptual Design or the LaserBeamFeedbackDepth & Grade-Control on a Drainage Plow

The conceptual design envisioned for the Ld&eam Feedback (Automatic) Depth and
GradeControl System on a Flaag-Beam type Drainage Plow iflustrated inFig. 4 The figure
illustratesthe physical relationship of the system components on the tractor, drainage plow, projected
LaserBeam, and drakgrade reference linéi¢hopped LaserBeam) A Block Diagram ofal the
System Components is shown in Fig./ more detailed illustration of the critical dimensional
relationships bthe LaserReceiver mounted on tldrainage plow frame (beam) is showrFig. 6.

(Note: The drawing in Fig6 is a revised and updatedrgen of the envisioned system draafter
the prototype system was developad some testing and evaluations were completed

Laser Unit On-Board Receiver

Projected Laser Beam Couugaled Plastic

Drain Tube

Plow Hitch
Fig. 41 Conceptual LaseBeam Depth & Grad€ontrol System on BrainagePlow.
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Fig.51 System BlockDiagram for the LaseBeam Fig6i1 Dwg. of theEnvisionedLaserBeam
Automatic(FeedbackDepth & GradeControl Depth & Grad€ontrol System on a Plow
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In Fig.6the LasetBeam Recei ver i s Konsrdgarowaerdd aft rpt b
hitch point. The fAefbeam vaeothengtrhi ofag®hel b

whichis the distance between the plow hitch point tredcentesof-draft on the drainage plow blade.
As explained in more detail later ihi$ story, it is important that the LadBeam Receiver be
positioned on the plovs f Fbeamat somg point forward of the cendafrdraft but alsomore
than onehalf the beam lengtib} behind the plow hitch poinThis forward position of thReceive
allows the Receivetio detectvertical changes in the hitch position relative to the drain ddpting
forward motion of the plowe.g., especially when traveling over an undulating ground surface)
before the plow bladécenterof-draft) reaches thatokcation in forward travelThe time delay for
travel of the centeof-draft to move forward the distancei(iX) allows time for the feedback control
system tdhydraulicallyadjust (correct) the hitch point vertical position so that the drain is insédlled
the design depth and grade. The Receiver position illustrated i iBgsomewhatloser to the
centerof-draft than theoptimum position found(X/b ~ 5/6; as explained latethroughtheoretical
(simulatiors) and field testing with the prototypase-beam and commercial Laserplashepth and
gradecontrol systenon the drainage plovimulation andiéld test graphicalesults are shown later

Development ofPrototype Laser-Beam Grade Control System

The designobjective and assembly of th@ototype laserbeam automatic graeontrol
system was to meet the specific needdhehigh-speed plowtype drain installation equipmenithe
prototype system was assembled and tested between 1965 and 1967 hygrisRI8iralengineer
James L. Fouss and AR&yineeringtechnicianNorman R. Fausey at ColumbusHOThe
laserbeam transmitteselectedvas dow-power0.3 mW output heliurmeon gas las¢hat emitted a
6.328 Angstroms wavkength lasetbeam(cost of the laser waabout$450.00; if | recall correctly.
The lasetbeamwas projectedbackwards througha 10X-power telescopé& expand and collimate
thelaserbeam to a 25-cm(0.5-in.) diameter, and an electrinotordriven slotted disc téchopthe
beam at 150 Htcycles per secondProjecting the smalbserbeam backwards through the-X0
Power telescope (that is, projecting the laser beam into thpiege end of the telescopagreased

the diameter of the laséeam and collimated it so that it did not expand in diameter as much over the

distancetiwas projected to intercept the lageram receiver unit. Over a distance of about 1,000 ft.

Fig. 71 Prototype laserBeamProjection unitmounted on camera tripod.

B
(Y
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the collimated lasebeam changed in dia. from 1:25 (0.5in.) to about 7.5&m (3.0in.). The
assembled prototype laseeam projection unit was mounted on a sturdy camera tripod, as shown in
Fig. 7 (Shielding over transmitter unit was removed to show the telescope and chopper blade).

Thelaserbeamreceiverunit consisted of two closely spaced horizontal rowthefselected
phototubes mounted inmaulti-baffled shadow-box typehousing Theinterior surfacesverepainted
if |l at oredukrefiedion and enhae@bsorption of ambient light rayisat enteedthe baffled
receiver box through the slotted openingeven(7) phototubes were mounted sibdg-sidein each
horizontal row ofthe receivethat measured 23 cm (9.0 in.)wndth. The vertical spacing between
the two horizontal rows of phototubes wajustable Some of the gap left between the upper and
lower rows(anadjustablegap contributed to theontrolfi d e a d forirdencepting& detectinghe
position of theprojected lasebeamon the receiverThe receiver unit prototype is shownhiyg. 8.
Themulti-baffledshadowbox of the unit was made from sheet alumirtormeduce weight.

Theinitial testing of the laser receiver unit (Fig. 8) was to measure its sensitivity to vertical
displacements from the cerdare of the projected laser beaifhe receiver unit was mounted on a
sturdy camera tripod so that it could be manually moved upward and downward while thbdaser
was projected directly into it from a significant distance. A simple voltage monitoring circuit was
configured and wiredo read the output from the two horizontal rows of phototubes while the
laserbeam was projected (without Achoppingd the
from a distance of about 140 m (460 ft.). The initial tests were conducted at nighededt setup
was underneath The Ohio State University football stadium (Ohio Stadium) in order to be in nearly
total darkness and to block the effects of any nighttime wind blowing on the projector or receiver

o R AP 2 . ps — ‘

'\ |
o

' _

Fig. 81 Prototype Phototube LasBeam Receiver Unit.

These early tests indicated that the receiver could detect slight upward and downward movements
of less than about/- 7 mm (/- 0.3 in.) from the center of the projected laseam the receiver
postions wereindicated by(+) volts [for high], (0.0) volts [for centered], and €) volts [for low]

in the monitoring circuit.These initial nightime tests werabrutly interrupted(again by OSU
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police) and were not completealith other trialsettings owvariables, as explained in the Related
Side Story #3. [See SideStory #3 iInAPPENDIX 11l about the interruption of thenight-time
laser receiverarly testingunderneath Ohio Stadiurh | do not recall that any further sensitivity
testing was conducted thaight with other trial settings or variabledter the interruption at the
Ohio StadiumThe primary objective of thearly tessthat night had beecompleted, fortunately,
and we proceeded on with the next step of our laser -g@ueol development prect.

Following the initial nighttime sensitivity testing of the prototype receiver at the Ohio
Stadium, anore enhanced signal processanguit for the lasebeam receiver unit was designed
and fabricated for ARS under USDA-ARS Governmentontract awarded toTed L. Teach and his
partnerin the firm, Control Industries of Urbana, OH.he electrial signals from the phototubes
included a BC component mainly from ambient light and astCA-.omponent from thechopped
(frequency modulatedaserbeamlight. The modulation frequency of 150 Hz (cycles/second) was
selected f or tlighebeamncltedsipteid the rotairsy alisc on the laseam
transmitter (Fig7) cr eat ed t he 1-beam.Hlre 150 tihfrequeneydvas sdleatade r
because it was considered a high enough frequency to reduce interference with ambient light
fluctuations, and also electrical circuit filter components for this frequency were readily available
at a low costFor example, such circuit filter components wesed in a audio sound frequency
modulated aircraft landing system manufactured by Control Industries to assisinpéllgsing
their flight path with small airport runways during low visibility (e.g., in fog or rain) and

nighttime Iandings.4

Theinitial sensitivity testing of the new phototube receiver unit circwitag conducted at
the Urbana, Ohio airport taxvay by aligning the projected chopped laseam and the receiver
unit along the straight edge of the tavay pavementlt waslate at night when those initial tests
were conducted and the sensitivity results were much bettewthexpected The receiver could
detect a vertical of€enter displacement of the projected chopped Hasamof about3.25 mm
(/8 inch)over a distane of 240 m(800 ft) or more. We truly did not understand why or hatv,
that momentit could be so sensitive to such smatticalmovements over such a long range.

The lasetreceiver amplifier circuit assembled by Control Industries is shoviigin9a.
Signal detection and sensitivity @veamplified in this circuit via photemultiplier components$o
boost the voltage from each row of phototubBsat alsocompensai for the lower laser light
energy reception r es uibeam sfect (ife.r theroroft réception of the p pe d o
laser lightversusa constant laser light source). Tt@mrespondinglepth & gradecontrol circuit
box shown irFig. 9b filteredthef ¢ h o poptputisi@gnalérom the laser receiver unit circiahd
activatel the prger electrical relay switches to operate solenoid valves in the hydraulic system for
adjusting the plow hitch positiampward or downward as needed for degutkdgrade control

4 - The audb sound system to assist pilots align with a runway duringMisibility landings was based on two

electrical signal generators, one at 90 Hz and the other at 150 Hz, that were located along opposite sides of the airport
runway. The electrical signals veedetected by instrumentation in the approaching plane preparing to land, and the

signals were filtered into the 90 and 150 Hz frequencies and converted to audio sounds rowelddgcspaakers in

the pilotds | eft and rardpythe piletavould indicate te him whemhd was apprgaahingg c y  h ¢
the runway on the low frequency side (90 Hz) or the high frequency side (150 Hz), and if the sound he heard was a
stedunp Mt was an i ndicat i onlineoéthewrmway ahdicoulel grocaed tolmandt h t he ¢
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Fig.9ai LaserBean Receiver Fig.9b i Lase-Receiver Signal Processing
Amplifier Circuit Circuit for Depth & Grade Control

Initial Physical Testing of the LaserBeam Feedback Control System Componentshen
Mounted on the Caterpillar Tractor and attached Drainage Plow.

While the Caterpillar Tractor with the Drainage Plow attached was still loaded on the
low-boy trailer and parked at the curb outside the OSU Agricultural Engineering Dept. building
(Fig. 10a & Fig. 10b), all the feedback control system compats were mounted on the tractor
and plow The system components includ@thecomplete hydraulic anelectrical solenoid valve
system to control hitch height and plowing deptme lasetbeam receiveconnected tahe
electronic feedbackontrol circuis as shown in Fig9a and9b; plus theelectricalpower onroff
controls near the tractor operdiseat. The lasdream projection unithat was tripoemounted
was positionedta distance omore tharb0 m ©160 ft.) away aligned along thear parkingcurb.

The initial testing of the LaseBeam Automatic Depth and Gra@m®ntrol System in the setup
shown in Figs. 10a and 10b confirmed that the total feedback control sysimd!! When

minor vertical movements+[- 3 to 5 mm ¢/- 1/8 to 3/16 in.)] weremanually made of the
LaserBeam Receiver from the centiane of the projected LasdBeam, the electronibydraulic
feedback control system quickly returned the Receiver back such that theBeaseragain was
centered onto the receiver phaties. At ths point it was decided we were ready for initial field
testing and some special purpose laboratory calibration and testing monitored with an Analog
Computer.In addition to some specific field tests we wanted to condinetAnalog Computer
approachprovided a meanso calibratethe control system response to specific inputs and to
conduct some simulation studies wheiféerent gound surfacechanges could be input.

Fig.10ai LaserBeam Projector at 50 m away.Fig. 10b1 LaserBeam ReceivedroPlow Beam.
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Analog Computer Simulation to Determine OptimumLaser-Receiver Default Settings.

Following the initial curb sidetesting ofthe laserreceiver andthe associatedccontrol
circuits with the Caterpillar tractoand attachedirainage plowoadel on a lowboy trailer (as
shown inFig. 10b), a preliminary simulation study was conductesh an Analog Computédo
evaluate variouparametesettings for thdaserbeamautomaticcontrol system. For example, a
key parameter was tloentrol DeadZone(ggp between the upper and lower rows of pkotres)
and its relation to t hentdmogementottre prejectedcechopped s en s i
laserbeam The physical laseteceiver circuit and the depth & grade control circuit bdresnge
boxes)were used in the electronic circuit of the Analog Computer as shown ifhlFig.

The configuration of the Analog Computer simulation equipment shown in Fig. 11 (a fully
expanded EAI TRI8 analog computer; Electronics Associates, Inc.) was prograneneciude
the actual (physical) laseeceiver and signal processing & control activation circuits. That is, the
laserbeam deptl& gradecontrol system circuibox electronics were not simulated in the analog
computer program. The analog computer did hmeote sufficient logic capacity to simulate the
controller components. There was also concern that the nonlinear characteristics of the available
logic (deadzone, hysteresis, etc.) would not match those of the physical controller unit. The
analogcomputgpr ogram (circuit) did simulate, howeve,l
in response to the simulated positions of the drain plow hitch and associatectdasesr as
inputs to the physical laseeceiver circuit box follower amplifiers. The vation in voltage
outputs from the top and bottom rows of phototubes in the receiver vs. verfitaigplacement
of the Receiver Unit from the centerline of the chopped LBsam (determined by lab testing of
the physical Receiver with the project®tiopped LaserBeam)areshown graphically ifrig. 12.

Fig. 117 Analog Computer Simulatiogetup to ealuat theLaserBeam Depth & Grad€ontrol
Circuits.Observers(L to R)’; C. Wadleigh,W. RaneyR. Stewart,G. Schwabwith J. Fouss
(missing from the photo is M. Hamdy, an adviser to Fouss on the analog simulation project.)

Th e di mé&askowroimFighilds the vertical distance between the top and bottom rows of

® Dr. Wadleigh, Director, Soil and Water Conservation Research Div. (SWC), ARS, USDA, Beltsville, MD; Dr.
Raney, Chief Soil Scientist, SWC, ARS, Beltsville; Dr. Stewart, Chairman, Agricultural Engineering Dept., OSU;
Dr. Schwab, Prof.rfty major professr Agricultural Engineering, OSU; and Dr. Hamdy (not shown), Prof. in AE.



12

phototubes in the Receiver urffor the prototype LasdReceiver unit the outputs of the top and
bottom rows of phototubes were not identical (Fig.d®) the geometrical center between the top
and bottom rows of phototubeg2Sdeviated a distanakfrom its null central point (where the
outputs of the toprad bottom rows of phototub&gere equal). The difference in the outputs from
the top and bottom rows of phototubes, which the diode bridge in the Controller unidetest
essentially linear andxtremelysensitive to very small vertical movements loé Receiver unit
relative to thecenter of theprojected LaseBeant over a relatively large range of motion above
and below the null position. The feedback control acti/étte hydraulics to move the receiver
position to coincide with the projected lageram centeline to maintain depth and grade for the
drain being installedThe speed of the hydraulic respoisel tobe fast enough for the ground
speed of the drainage plow to ensure good depth and-goati®I.

The circuit diagrammfor the Receiveand Controller boxeareshown inFig. 13 These
components were not simulated in the analog computer program, but were connected into the
program circuits as physical devicé3range boxes shown in Fig. 1Thus the simulations
conductedby the AnalogComputer setup weré nreafitimed an d n odelayion t i me
time-accelerated modes as possible and commonly used in analog computer simulation studies.
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For the preliminaryanalog computesimulationt he aut omated systemos
based on an evaluation of the accuracy that the Iplmv point was maintained near a straitjhe
forward motion path with minimum upward & downward fluctuations; i.e., closely parallel to the
desired drain gradient. The plowing depth wasumedo follow the hitch elevation changes with

6 This Receiver response characteristic (shown graphically in Fig. 12) explained for us why we were able to observe
the very sensitive response oéthrototype LaseBeam Receiver Unit on the initial nigtitne tests conducted at the
Control Industries firm in Urbana, Ohio. That is, as the receiver movezkatér (offnull) of the laseibeam a very

small distance, the very rapid decrease in lagét tieceived by one row of phototubes and the corresponding very

rapid increase in laser light received by the other row, quickly created the magnified electrical unbalance that initiated
a feedback correction for the vertical position of the laseeive. That unbalance was amplified by the Gaussian

wave distribution of the projected ladseam across its diameter, with the brightest intensity at the center of the beam.
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a time lag. Theassumption implied that if the fluctuations of the hitch point position were not
large in magnitude or long in tirduration from the straigHine parallel to the desired gradient,

the corresponding variations in plowing depth would be very small. edgancedsimulation

study (conducted later for my Ph.D. research), thelmear dynamics of the drainage plow
operating depth in response to changes in soil forces on the plow blade and to upward & downward
control of the plow hitch point by the Autontat. aserBeam Control System were modeled and
included in the simulation program (circuit). That advanced simulation study more fully evaluated
the accuracy of depth and grade control for the plowing depth (not just the plow hitch point), and is
discussedhn a following section of this story.

It is beyond the scope dtifie text and figuresicludedin the main body ofthis fistoryo to
cover the different analog computer prograrasd circuit diagramsused in the design and
evaluation studies to develop thaserBeam Automatic Depth and Gra@®ntrol System. Only
highlights are giverwithin the main body of thisstory. However, included in thillowing
Appendcesare full detailson procedures and results includitadples, figures, illustrationgnd
discusionfor the interested readdr) AppendixIV ; My full Ph.D. dissertatiohon the attached
CD in PDF format that provides dawentation of the research conductaad(b) AppendixV; A
reprint of the published technical paper ongheliminarysimulation study publication citation
given in footnotd. The dissertation includes fufiield testing andanalogcomputer simulation
proceduresand programs (circuidiagrams)used in developingnd evaluaing the LaseBeam
Automatic Depth and Gradeontrol Sysem for the floatingoeam type drainage plow.

The readeis referred to the AppendiX publication reprinf for a full discussion of the
preliminarysimulation result®nthe accuracyhatthe hitch point elevatiowas controlledy the
LaserBeam Autanatic Depth& GradeControl SystemThe simulated lasebeam receiver was
positiored above the hitch poino record thevertical feedback motion of the hitch during the
simulaions Only afew major observations are covered héfee simulation results we able to
illustrate the importance of setting tresponse velocity for theydraulic cylindefastenough for
adjusting the vertical position (elevation) of the plow hitch point in reaction to contnalsigom
the LaserBeam System. Examples to sholws relationshipare given inFigs. 14 and 15 for
cylinder velocities of 5 and 30 in/sec. (ips) respectively This can be seeby comparing the
simulation results in Figs4l& 15 thatshow thehigher cylinder speed improved control system
accuracym maintaining the hitch position near the zero elevalibis was found true for several
types (shapes) of simulated ground surface inputs considered in the stutthg $lower cylinder
speed, the hitch positi on dtheachrrarective matienrasdh oot 0
was either above or below it for prolongdstancesof forward travel.At the 30 ips cylinder
speed the simulated hitch point position was maintained within ab®.if5 in. of the zero
elevation This agreed well withaterinitial field tesswhere the aut@ontrol systenwas observed
to maintain the hitch withir: 1.0 in. of the zero elevation for several ground surface conditions.

! Fouss, James L. 1971. Dynamic Response of Automatically Controlledaie Plow UnpublishedPh.D.
DissertationDepartment of Agricultural Engineering, The Ohio State University, Columhds 188 pp.

8 Fouss, J. L. and M. Y. Hamdy. 1972. Simulation of a Laser Beam Automatic Depth Corandactions of the
ASAE, 15(4): 692695. [This paper received an Honorable Mention by ASAE for excellerteehinicalreporting]
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Fig. 14. Simulation results for hydraulic Fich. Simulation results fohydraulic
cylinder velocity of 2.5 in./sec. cylinder velocity of 3.0 in./sec.

Two additional summary comments are important here. The simulation resuitstihd
field testing revealed that @m-off type of automaticontrol mode, even with a narrow dezahe
(e.g., about+ /16 in.), provided good control of the hitch point positisinen the hydraulic
cylinderresponses peed was set high enough to cause th
about the center of th@ojected laseb e a m. For the drainage plow, ¢
somewhabelow 1.0 Hz andamplituderangeof 1.0 in. (i.e.,+ 0.5 in. measured at the hitch point)
provided a good compromise of sensitivity and stability over several types of gnadaces.

One major highlighof noteis the value and advantages of such simulation studies for
analyzing and adjusting the automated control system. To accomplish such analyses and/or
adjustments using field testing alone would have been difficyberesive, and time consuming
because of random variation in field conditions and numerous combinations of system operational
parameters and adjustmer@mulations permitted use of the satastground profile repeatedly.

Research Plowfield teststo determine responses irplowing depth tochanges irhitch height:

Before moreadvancedsimulations could be conducted for the drainage plow equipped
with the LaseBeam Depth and Gradeontrol System, some field testing of the plow dynamic
response to chaes in the plow hitch height were requiréikeld testing with théARS research
drainage plow ws conducted to determine the dynamic response delay coeffic(ents
mathematical damping coefficientihder fieldoperatingconditions fordefinedheight changs in
the plow hitchpoint relative to the ground surfaaiiring forwardtravel Step and ramptep
changes in the height of the plow hitch point were used for these dadtghanges in hitch
positionwere madesia manual controby the tractor operatomThe plow wasequipped with the
prototype lasebeam depth and gradentrol system (as shown in Figo)1but the lasetbeam
system was not used foesieearly field tess. Results of thdield tests(data pointsareshown in
Figs. I7, 18, and19 graphs and comparewith an analog computer simulatedchange(line
graph) in plowing depth for the same change inhitch height (simulation procedureare
discussedater in this story and fully describedn pages 281in the Ph.D. dissertatiomcluded
in Appendix IV). Thefield data points shown in the graphs were measured depth of plowing at
5-ft. intervals for20-ft. of travelafter the hitch point height washanged, andt 1Gft. intervals
thereafter when thete of change of the plowing depth wasles



