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INTRODUCTTION

Hechanization and Automation are very fashionable words in
present day Arriculture. Both imply a reduction in the amount of human
effort necessary to achieve certain enids, and to accept the need for
either of tihem is to assume that it will lead to some finamcial gain.

Hechanization ls concerned with the reduction of human physical
effort, but automation aims mainly at the reduction of mental effort,
and the small amount of physical effort still remaining asfter mechani=-
zation. Automation implies the control of mmchines instmlled in the
mechanization phasa, so that close investigation is reguired not only
of what men do, but also of how they do it.

The human machine has the essential femtures of & controlling
device, sensing mechanisms such ms eyes mnd emrs, a versmtile nervous
signalling aystem, #md an impresmive number of servomechamisms such as
fingers mnd toes., The problems of sensing and interpreting the
resultant signal, presumably lead nature to th& production of the brsin,
and lead the man into the# interesting sphere of inatrumentation which
is often an essential precursor to automatione.

Automation ms applied to Agriculture is to improve many limited
factors which affect the finasl yield of any agricultural crop. Lme of
thése factors, the mechanical operation, requireés considerabl# care and
attention to more nearly insure maximum yield mmd high qumlity,.

Every year approximately 10 tea 20 percent of the corn crop is
loat becauss of one or a combination of factors such as weather condi-

tions, faulty harvest gr inadeguate stora w. irevention of such a loss



would probably incremse the average harvest by 300 to 600 millien
bushels. 1In other words, such a saving could increase the total farm
income from 500 million to one billion dollars annuwally,

Nuperouz methods have been adopted through research and develop=-
ment to minizmize field losses of a crop and to improve the quality of
the product. [iore adaptable and accurate machines are constantly being
nanufactured to cut down the losse& and also to reduce the amount of
man-=hour labor involved.

In most field operations there are various jobs that an operator
must perform simultsneously. He must guide the tractor properly across
the field without damaging the plants, while constantly watching the
performance of whatever implement the tractor is pulling. Therefore, a
device which enables the tractor to steer itself down the crop row
automatically would not only reduce the driver's fatigue, but at the
same time would result in more &mfficient, and sometimes more accurate
operation. Thus the operator would be free to watch closely how his
equipment is performing. Therefore an important advantage of the auto-
matic steering over conventionzl or human steering of a machine or
tractor would be to prevent =znd correct any improper operation of the
equipment as it occurs, thus saving a considerable amount of time and
labor. On the other hand, since any raduction in the amount of labor
invelved usually means a higher income to the fazrmer, the trend is to-
ward more automation and automatic controls,

Considering the factors which have been mentioned above, resultad

in the possibility of devising a system to help a trmctor to steer more



accurately. It was believed that such a system could be well adapted
to many field operations such as row crop cultivation, where accurate
steering could result in a good weed covérage without reducing stands
or injuring the crop,

Specifically the objective of this study was:

l. To design, develop, and construct an automatic steering de-—
vice which would enable a tractor to guide itself down the crop row
accurately. The system was to be designed in a manner that would make
it possible for the tractor to be used for a variety of crops with
little or no change in the automatic steering components.

2+ To design a system which could be justified economically
where labor is scarce and expensive or unskilled, or where the tractors

are operated in hazardous conditions,.



REVIEW OF LITERATURE

Feeler sttems

Even though the idea of mutomatically steering = tractor came
about during the warly days of Lhe mechanization of /griculture, most
of the work lias been accomplished during the paat five to seven years.
The sarliest attempt was to lock the front whesls in a manner which
enabled the tractor to travel in a circular path, Such an arrangement
was usSed for circular plowing for example, or in routine specific
tractor job arranszements.

Among the recent investigators the works of C. B. Eichy (&) of
the Ford Motor Company and Louis L. ILiljedahl (3) of the United States
Department of Jgriculture have gained considerable popularity,

Liljeduhl has developed an automatic pilot for farm tractors that
mechanicully sensas the peosition of a crop row. The main objective of
this work, which was doug under & United Ststes Depurtment of Agricul-
ture wged control machinery procject, was to delermine if some control
equipment could be developed which would be wufficiently mensitive,
so vhat the tractor could Le steered or guided more accurately and con-
sistently. The control units operate on the following principles:

A wish-bone shaped feeler mrm rides on either side of the crop
row, and pivots to a bracket mounted to the tractor. Wwhen the tractor
gets off the crop row a pradetermined amount, the feeler arm actumtass
miniature switchea which ere located on either side of the arm. Thae

switch in turn operates un Ilectro-hydraulic valve which is located in



the tractor power steering system. Thus when the switch is closed, flow
of the hydraulic fluid guideas the tractor back onto the row. In order
to prevent the tractor from over guiding ms it returns to the corrsct
position on the crop row, the switches are fastened by wmeans of a
mechanical linkage to the steering arm on the front wheels. Thus as the
tractor returns to the correct position with respect to the crop row,
the tractor wheels are straightened out just bafore the tractor gets
back to the correct position, thus preventing over-guiding.

Liljedahl hes also indicated that such & system was best utilized
when the plants were over six inches high. However, since weed control
is most importent when the plant is very young, more sensitive mechanical
components are needed for more mccurate performance.

A somewhat similar device has been developed by C. B. Fichy (8)
of the Ford Motor Company Farm Implement Division. Thie mechanism alseo
eaploys a sat of feelers to mctuate sensitive micro switches. When the
switches are on, the current from the battery is carried to a DC motor
through a relay. The motor povwers a screw mounted on a drag link., As
shown in Figure I displacement of the feelers to the right rotates the
switch actuating bar (a) to close micro switch (b). As the circuit is
completed, the DC motor operates mmd changes the length of the drag
link which is attached to the steering cylinder. Actuation of the steer-
ing cylinder steers the tractor to the right, and also rotatas the micro
switch box (c) im a counter clockwiae direction through a push-pull
eable (d), therefore canceling the signal by opening the switch. A pic-

ture of the tractor equipped with automatic steering as shown in Figure II.



Figure I. Arrangement of the Feelers.



Figure II., Automatic-Itgaring inables a Tractor to
Follow a Cireular Path,

fidchy has reportsd that aceuracy snd high stability character-
istics are & result of the interaction of the following factors:
l. DRate of angling.

2. Corregtida Fatle, l.e., degree of wheel angle change per inch
of feeler displacement.

3. Fealer laad,

hy wWidth of null bamd,

In order to prevent hunting, another feature is added to the
steering device. Thim fezturs is tha addition of a machamicanl follow=
up or mervo-connaction which controls the mmount of front whesl amgle

in propertion to feeler displacement. Therefore if the feeler is



displaced a given distance, the front wheels are angled a given amount
and then held thé#re., This ste#ring device can be used when cultivating
corn, provided the plants are at least ten inches high with pencil

size stalks for sufficient stiffness to actuate the feelers. Vueeds are
not a problem as long as their height does not exceed that of half the

height of the corn plant.

Radio Control

A radio control system is another solution to providing a tractor
with automatic steering. Several attempts have been made, probably the
most important of those are the investigations of James D. Pichon (6)
of the University of Nebraska. The system is composed of a radio trans-
mitter and a receiver which is mounted on the tractor. The radio
component used in this system has eight channels, The transmitter has
dual audio modulators, which allow two control signals to be trans~-
mitted simultaneously. The receiver output for the individual channels
is & relay, which is used either to contrcl and complete a circuit or
to energize additional relays for control sequences. Aside from steer-
ing the tractor, other functions alsc may be performed. The main part
of the system is an electrical reset stepping relay, which can be made
to reset itself from any of its control points. Fulsing the proper
channel on the transmitter the desired number of times turns on the
primary ignition, starts the tracter, and finaelly when the stepping
relay is returned to its original position the engine stops. Other
controls are also used for engaging and dissngaging the clutch. The

tractor may be shifted to the reverse gear, a second forward gear, and



a neutral position.

Steering is controlled by two separate radio chemmels, ons for
either direction. The front wheels are automatically returned to the
central position when no turn signals are being transmitted. The
steering mechanism consisted of a modified power steering unit, a
hydraulic control uwmit, and a solenoid hydraulic valve. The solgnoida
ere double wound to give two way mction to the hydraulic valve. The
s8lf-centering portion of the steering system consists of cam mctuamted
micro switches, mounted on the front spindle of the tractor. These
micro switchesm completas the circuit and cause the front wheels to returan
to canter after a turn is completed. The self-centering of the steering
system is wired in series, through the normally closed contacts of the
turn signel relays, Such a feature allows th& operator to over ride
the melf-centering action at any time that a turn is desirsd.

Along the line of the radio control, m tracter which is operated
by remote coatrol has been developed and is being tesasted by the United
States irmy Research and Development Laboratories (7). It im believed
that such & tractor may prove very valuables for construction purposes
in radio active and combat zones: With the aid of a standard radio re-
ceiver and transmitter the operator can smtart, mtop the mmchine, #ngage
or disengage the gears, &nd change the direction of travel. Normal
operations may bs performed up to m distance of fifteen miles away.
However, it is believed that by installation of a small television
camera on the tractor the remote operator will be given aidditional knowl-

edge of the performance of the machine.
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A machine has been developed in Russia (1), which is capable of
simultaneous tillinj;; along thas rows and between the hills while follow~
ing the crop row. The cultivator is equipped with both fixed mmd
rotary shovels. The fixed shovels till simultmneously along six rows,
while the rotary hoes operate between the hills. As the cultivator
moveés mlong the rows the contact feeler touches the plant., The contact
closes the circuit in the winding of a polarized relay. The polarized
relay switches on the intermediate relay which in turm closes the cir=-
cuit in the winding of the rotating electromagnetic clutche A4s a
result the clutch is engaged with the rotary hoes. While the rotary
hoes are locked th# rotating clutch makes one turn., This posltion of
the hoes corresponds to the process of tilling between the hills. When
the clutch hae completed one turn, the mechanical circuit breaker will
interrupt the circuit in the winding of the intermediate relay. As a
regult the circuit in the winding of the brake clutch is broken. This
stage corresponds to the released position of the rotary hoes, and their
passage by the plants. The power for the contact feeler circuit comes
from a dry battery. The deeign of the feeler may wary according to the
dagree of the plant development. MWith weak plants, during the earliest
cultivations thes feeler should touch the upper part of the plants. lpon
repeated cultivation and with more developid plants, the ceontact should
be wade with the stem.

Hesults of several tests imdicated that an automated cultivater
is practical for simultaneous tillage along the rows and between the

hills, The cultivator is economical in fuel, lubricants, and increases
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the productivity of the tractor unit. It also reduces the deterioration
of the soil structure in comparison with the cross row method of culti-
vation.

A field test has been conducted by lovely and Hunt (2) to
determine the efficiency of an automaticslly guided tractor when culti-
vating corn. It has been reported that during the first cultivation,
when the plants were at three to four leaf stage, the operator had to
assume the manual control very often. However, for the second cultiva-
tion when the corn plants were fifteen to eighteen inches high and the
soil surface was considerably smoother, automatic steering functioned
more satisfactorily. A count of the stands before amnd after cultivating
with automatic steering gave the following data:

"The plant population was reduced when mutomatic steering
wag used for both the first and second cultivation. Prior to the
first cultivation stands mveraged 14,922 stalks per acre. The
automatic stesring caused an average stand reduction of 1,8%0
stalks per amcre, as compared to 140 stalks for manual steering.
Stand counts made just prior to the second cultivation averaged
14,567 stalks per acre. The average stand reduction of 430
stalks per amcre was observed with automatic stesring as compared
to 90 stalks for manuaml steering."™

Lovely and Hunt also conducted other tests to determimne the
fatigue effuct in the operator with manual stsering as comparsd to the
mutomatic steering. The following tests were conducted:

l. Critical Flicker - Fusian Test.

2, Arm Band Steadinesa Test.

3« Subjective Feeling Test.

4, The Visual Phoria Test.

The results of these tests gave the following conclusiona:
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"No strong or definite conclusions can be drawn from this
study; however, the psychological means of fatigue used in this
test could appear to be valid and to have value as practical in-
dicators of operator condition during field work."

Also with respect to performance study, Lovely and Hunt concluded
that:

"The automatic guidance device usead in the=e studies is
still in the experimental stages of development. Automatic
steering resulted in greater stand reductions, lower yields and
poorer weed control than menual steering. Theze studies show
that the automatic guidance system tested under the conditions
that existed during the experiment did not improve the effmc-
tiveness of corn cultivation."

Magnetic Cable

&4 different approasch, similar to what was employed by Dr,
Zworykin, has been used to design an automatic steering system in the
Farm Mechanization Department at the University of Reading, England.
with this system a wire is laid in or on the ground and is energized
with a low voltage alternating current. Two search coils are mounted
on the front of the tractor, and when the center of the tractor is
above the wire the current induced in the coils are balanced., Howevar
if one coil is nearer the wire than the other, as happens if the tractor
begins to veer to one side, the current induced in the coils becomes
out of balance. The coils are in seriem with a balance relay, which
controls solenoid operated hydramulic valves. The valve controls the
oil supply to a double acting r=m, and this ram operates a conventional
hydraulic steering booster. Any tendency for the tractor to wander away

from the wire is instantaneously corrected by the booster.
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The system can be converted to conventionsl mtezring when the
control switch is off. Therefore it is possible to provide automatic
tractor operation where it is worth while laying down permanent or semi
permanent wiras.

In the mutomobile industry some work has been done to provide
the cars with automatic steering. A madel car has been built, and
laboratory tested by the Radio Corporation of America (11), Certain
electrical devices ars used to assist the driver in such matters as bad
veather steering, and collision prevention. The model car which i=s
powered by a storage battery is designed to perform the following
functions:

l. It is capable of steering itself along = prescribed route.

2. Q2tops itmelf when spproaching a metml obstruction.

3« Turns out of its original lane to a second lame as if passing
another car.

The car is equipped with two coils, which are capable of picking
up the signals from a cable which is laid in the road bed. The cable
carries a moderate frequency alternate current and as a result sets up
a magnetic field of certain frequency around itself which is picked up
by the coils., If one of the coils receives more mignal than the other
one, this indicates that the car is no longer centered on the wire.
Therefors the electronic components controlling the steering wheel
bring the car back on course., In this system the driver not only can
control the car speed, but in addition csm switech at will from automatic

to manusl control and vice varsa.

151359
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Analysis of the Steering Forces

A wheel maintains its rolling motion im the longitudinal plane.
However, if by the action of some external forces, the wheel is forced
to deviate from true rolling motion the tire counteracts and resists the
external force by a cornering force. The magnitude of such a force
depends upon the area contmct b&tiween the rubber tire and the ground,
and the angle by which the wh&el has deviated from the true rolling
direction. There are several factors which influence the cornering
force:

l. &5lip engle, or the mmgle of devimtion from trues rolling
direction. The cornering force increases with increase in slip angle,
As the &lip angle gets larger, the maximum cornering force reésults, after
which tha tire starts to skid. The cornéring force is determined per
degree of slij; angle and is known as cornering power.

2e kRmdiml load: the cormerimg force is proportional to the
radial weight scting on the wheel. The cornering powsr per unit of
vertical load is defined as cormering coefficient. 4s the radial load
increases, the reslative cornering capacity declines. Ther#fore, the
more axial load a tirs is carrying, the lesa effective it is in aupport-
ing the side forces.

3., Camber angle: Figure III. This is the angle by which the
wheel iz deviated from the parpendicular position. The dirsction of
travel of a cambered wheel deviates from natural rolling path, and
thus creates a slip angle, which results in cornering force. The magni~

tude of the force resulting from the camber angle, may be fdded or
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Figure III. Camber Angle and King-Pin Offset.
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subtracted from cornering forces, depending on whether the camber in-
clination is towsrd or mway from the inside of tha curve in which tha
wheel is travelinge.

4, 1Inflation pressure. Higher inflation pressurs results in an
increase in ths cornsring power. Therefora, it is desirable to have
higher inflation for bstter cormering.

The steering system is so desimmed that when the steering whaal
is turned, forcess are sat up which tend to turn the front whesls to a
straight line position, Theme forces are caused by caster and king pin
inclination. On four wheel type tractore the king pin, Figure III, is
ususlly inclinad., The king pin is umed to decrezse the king pin offset
(e), but it also produces m sslf-aligning moment.

In order to steer a tractor, the self-aligning moment which is
caused by acceleration forcem must be overcome. Because the tractor
describes & circular path when it is steered, the radial mcc#leration
must be considerad. In order to errive at an expréssion which may be
used to calculate the total momént required for egquilibrium at the
steering smgle, the following procedure is used:

When an object is im a circular path the radiml accelarstion im

found from

there a is the acceleration in ft./iec.z. v is the velocity and R is the

radius of the circular path. Howevar, for small values of o = _dy ,
dx
from the geometry of Figure IV, the following expression holds true
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dy = E_iu which B is the whesl base. Therefore K = B
dx

Substituting back in equation for acceleration rasults

Ilﬁﬂ Vzuzzﬂ

® B Bax

&

On the other hand, the radial force is represented by equation

W &. The corresponding value of acceleration is substituted in this
[
equation to obtain

W (a) = W Vz)y

E g B dx

If the rmdial force on the front wheel is represented by (F) then
its value can be calculated by talking the moment about the rear wheel
nxle

B =0

W - FB =0
g

_dL
{qy)

dx

Im, L

%o

g

The moment about the front wheel spindle due to the turning
forces can be found if the caster offset (¢) which ia the distance
ahead of the center of contact between the round and the whe#l is
known.

Tharefore:

2
M, = chg (dy)
g B ax

The above formula ia correct for the tricycle type tractorsa.

Howsver, for the four wheel tractora the following procedurs is used,
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It is assumed that the wheel of a given diameter mounted on zn
axle of such length to provide a king pin offset of distance (e) can be
réplaced in geometric model by a wheel of infinitely small diameter at
a distance from the king pin axis along the axle,

The principle of virtual work is used to derive an expression
for the moment reguired to turn the axle about the king pin. The work
required is given by Mkpc<
Where o is the angle through which wheel is turned. OCn the other hand
when the tractor is steered it is raised slightly. Now the work required
to raise the tractor is found by first determining the weight on front
wheels.

M =o0
W(b) - P(B) = o

P = Wb

B

The weight on each wheel then is W3
2B

If the tractor is raised a distance & & as shown in Figure V
then
¥b
A -—
work = -4 (2B
and therefore:

LN
Mkpo(aaB )

The value of 4 & is found from the geometry of the Figure V-a

distance X= OB
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Looking axially along the king pin and from the geometry of

Figure V-b it may be written

QAR =€ - i casxX
——
sine

or

0% =e(l - casx)
aine

2% = #(1 - cas%) sine

Substituting in equation for moment about king pin results

Hl:' =Wesin® (1 - casx) b
P SE o

Steering of the stationary tractor:

As it is shown in the Figure VI, Torque Ms is required to tum
the tractor tire around its projected center S. The magnitude of such
a force depends upon frictional forces of the foot print area.
Therefore Ms = A{BwK in which 'UQ is tha coefficient of the sliding
friction, W the radial load and K is the polar radius of gyration.

Center of rotation of the tire is located at a distance (e) from
the foot print center; consequently the rotation of the wheel is not
pure sliding, but a combination of sliding and rolling motions.
Therefore, the effective torque arm becomes h = 02 + ka. and the torgue
necessary to turn the wheel then is Mkp = 4/ Whe Friction coefficient

is a function of distance (e) and the tire width. Value of K is
calculated from the tire foot print which is a funection of inflation

pressure and radial load. The foot print area is assumsd to be & circle

of diameter (b), where b is the width of the tire., The value of K or
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Figure VI. Actual Turning Center of a Steered Wheel is the Intersection
of the King=-Pin Axis with the Ground.
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radius of gyration is found as

K = I

A
in which I, is the polar moment of inertia of the circle and A is the

area.

Strain Gage Fundamentals

When a wire is stretched elastically its length and diameter both
are altered, which results in a change in its electrical resistance.
Any change in resistance of a strain gage is considered in terms of a
change in strain. These changes are expressed as a ratic called strain

sensitivity or gage factor:

Gage factor = G = AR/R
alL/L

where AR and A L are changes in resistance and length respectively.

R = initial resistance of the gage and 1 is the initial length. In the
above equation AL by definition is unit strain and is represented as
micro inches/inch? According to Hooke's Law (9), strain is proportional
to stress up to the elastic limit. On the other hand, strain and stress

are related to each other through the equation: e = 0O
E

whers: e = strain in micro inch/inch
o = stress in pei
E = Young's modulus of elasticity in psi
The strain rages may be used as a wheatstone bridge circuit to
provide the desired unbalance. The bridge output voltage is determined

using the principle of Thevenin's theorem:
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"Any network with two accessible terminals may be replaced
by an enf acting in series with an impedance; the emf is that
between the terminals when they are unconnected externally, and
the impedance is that represented by the network to the terminals
when all sources of emf in the network are replaced by their
internal impedances,*
then this theorem is applied to the bridge circuit, the corres-
ponding equivalent circuits are obtained as shown in Figure VII, E%
is the open circuit voltage across the two accessible points H and P,
The impedance Ro is that seen by the galvanometer or the amplifying
instrument.
At balance, the following relationship holds true for the bridge
circuit:
Sylly & Sty MR Sx% v Sphy
However, if the circuit is unbalanced due to any change in the resistance
of the strai. gages, which is brought about by any increase or decrease
in strain, then the bridge circuit is no longer balanced. The deflec~
tion of the galvanometer needle may be calibrated in terms of the s&train
of the member on which the strain gage is bonded,
The value of the Eo or the open circuit voltage may be calculated
from the following formula (5).
Eo = EG e n/h
in which E is the bridge input voltage and n ie the number of active

EBIEE .
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REQUIREMENTSE OF THE SYSTEM

There are several approaches which could be used in the design
and construction of an automatic guiding system. lowever, regardless
of what method is employed, the system should have several important
features for proper functioning. Some of the more important character-
istics are mentioned below:

l. Compatibility with regular power steering., There should not
b# any interference of the automatic steering with manual steering. The
components of the automatic steering may be sepmrately located on the
tructor. However, in case some of the components are used interchangeably,
it is very important to see that both systems work properly and
acecurately.

2. Basy change over from automatic to manual control for turning
and centering on the row. Thisg ies also an important feature because
at the present time it is unprobatle to eliminate the operator completely.
Aside from positioning or centering the tractor on the row, it is also
necessery to turn the tractor around at the end of each row. A feature
such a= a switch or a valve should be provided to make it possible to
change from manuml to automatic steering or vice versa with very little
effort and in a short time,

3« MNo reduction in field spsed as compared to manuml steering,
am most of the field opermtions reguire a certain speed for maximum
efficiency.

b, ndaptable to a majority of field operstions. It is not

practical if the automatic steering camnot be applied to various field
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operations. Also, it 15 highly desirable that no change be reguired in
the component of the system when changing from one field operation to
another. The steering components should be in a compact form and should
be located on the tractor in such a way that it does not interfere with
the cultivator or other attachments.

In mddition to the above mentioned, provision should be made for
operation under abnorsmal field conditions. The presence of weeds is a
factor which could prevent the rroper operation of the steering system.
When the tractor is used for cultivation of young plants, the presence
of weeds could hinder the operation and result in inefficient performance.
However, as the plants grow taller and weed problem probably can be
eliminated with a slight modification in the design of the system.

Another difficulty which might be encountered is slippage due to
hillside operation. uvhen using manual steering, the operator has to
constantly steer to the oppozite direction of slope to compensate for
slippage. Therefore, any tractor with automatic steering should be
capable of performing in the same manner if it is to be used for hill-
side operation.

Some other factore which could also influence the design of the
steering system are the presence of ice, snow, and draft due to a loaded
wagon.

One should not overlook the economic aspects of the automatic
steering system. While automatic steering could result in the reduction
of total labor involved, the initial cost should not be toe high to

offset any saving obtained from less labor involved.
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DESIGN AND DEVELOPMENT

Preliminary Concept of the System

There are several approaches to design an automatic steering for
a tractor. Each method was given considerable thought, and the mdvan-
tagee of wmach appromch were investigated thoroughly. It was finally
decided to employ the principle of servomechanism, ms it seemed that
such a system could provide thea best molution. The main factors which
led to the selection of the servo system were:

l. Accuracy.

2. Gensitivity.

3e Reliability « continuous operation.

4, =cStability - not affected by environmeatal changes.

In a servo system the output is mechanically driven by the dif-
ference between the output and the input. However, the output tends to
agree with the input; therefore, the difference between the output and
the input approachas zero. A servo system is made up of a series of
elements, each performing a particular function. In a system where the
output is constantly fed back to the input for comparison, a feed-back
control or closied loop system is formed.

The basic equation for the closed loop servo system can be derived
from Newton's third law of motion which mstates: "For every force or
action there is an equal amd opposite force or reaction."

Since the forces in a servo system are usually rotational, they

can be expressed as torque. Therefore: ipplied torque = reaction torque.
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Vigorous mathematicul derivations have been developed to explain
the theoretical fundamentals of the servo system, but because one
objective of this project was to deal with only on# aspect of the
application of the servomechanism, no attempt was made to establish any
mathematical solution to the problem.

The asutomatic steering system which was desigmed for the purpose
of this study, was to work on the following principles.

The sensing element of the system was made up of a set of feelers.
These feelers ware designed to follow the crop rowas. Depending upon how
far the tractor was from the centered position, the feelers wers to b#
deflected a proportional amount. Two feelers were to be used to provide
steering in both directions. The feelars were asquipp#d with SR-4 strain
gages. Therefore, any deflection of the member on which the gages were
mounted could cause a corresponding change in the slectrical resistance
of the strain gages. As & result of the circuit unbalance, a signal
in the form of the low voltage was to be transmitted to an amplifier.
The degres of unbalance was dependent upon how far the feelers were de~
flected. Therefore, when the tractor was deviated from its correct path
a short distamce, only low signals were sent to the amplifier; but, as
the tractor moved further away from the crop row, the output signal
voltage was to increase proportionally.

The purpose of the amplifier was to activate an electro-hydraulic
servo valve. The servo valve was to be located between the hydraulic
pump and the hydraulic motor. The function of the valve was to control

the oil flow rate. When the feeler was deflected, voltage signals as



amplified by the amplifier were able to activate the servo valve. 4s a
result, the valve could control the oil flow in such a manner that it
would cause the trsctor to steer in the opposite direction of the feeler
deflection. The steering action was possible through a hydraulic motor
which was connected to the servo valve by means of high pressure hoses.
Faster steering action was possible as the feeler's deflection increased.
As the front wheels were brought back to the centered position with
respect to the crop row, the magnitude of the input signals from the
sensing slements was decreased accordingly. Therefore, no oil could
flow through the system at centerad position. This was believed to be
an important advantage of the system over on-off switch.

This system was to perform in a manner similar to that of the
operator's reaction in steering. The steering would be quite fast when
the tractor is way off position with respect to the crop row, while
little steering action would be necessary if the tractor is deviated a

slight amount.

Installation of the Power Steering

After the preliminary studies, a Case tractor model 400 which
vas readily available was used in conjunction with this research project.
However, since the tractor was not equipped with power mtesring, it was
felt desirable to convert the regular steering to power steering. The
new system which was instzalled on the tractor used a separate hydraulic
pump asnd a completely integrated fluid steering control system which
resulted in elimination of all mechanical linkagesz between the steering

wheel and steering mschanism on the axla.
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The steering wheel was connected to a four-way v=alye and pump
combination known as orbitruol which provides remote rotgry serveo con-
trol. The orbitrol was mounted on the tractor by means of 3/8" amgle
irone wihilch were used as a bracket. The orbitrol is composed of a fixed
displacement rotsry motor, commutator feed valve sleeve, and a selector
valve spool. The rotary meter i& an orbiting gesrotor in which the outer
eletient is fixed in position as part of the housing. The inner gear
moves in a small circular orbikt within the outer elemuit to displace
the fluid. 7The moving element of the ma#ter is coupled to the commutator
valve sleeve, so that the orientetion of the valve sleeve mlways in-
dicates relative positioning of the displmcement element of the meter.
The control spool contains some parts which are matched to the commuta-
tor mleeve. The control spool moves within tle valve sleeve and serves
to provide the directiomnal control and selection of fluid delivery
rate, 4 cross section of the orbitrol in neutral position is shown in
Figure VIII.

A hydraulic orbit motor was mounted on the tramctor to ackuate
the steering mechanism, The motor hss an outer ring which is stationary
and internzl gemr-like teeth. These teeth mesh with corresponding
teath on smaller gear which rolls inside the ring, and turns about an
eccentric axis in &n orbit ms shown in Flgure IX. The two ports of the
motor were connected to the orbitrol by meams of hipgh pressure hydraulic
hoses., lso the inlet =nd outlst ports of the ortitrol were connected
to the pump by means of bydraulic hoses. When the installation of all

the necessary components was completed, the tractor was started to
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check the operation of the steering system. Initial trials indicated
that the system was completely satisfactory. The #mse of operation and
quick response of the steering mechanism resulted in & very dependabla

power steering system.

Torquemetar Data

The theoretical cmlculations could be used as a guide in selec~
tion of the components of the servo systems At the same time, however,
it was felt desirable to obtain some experimemtal values regarding the
Torque reguirements, and other forces involved.

The main objective of this section, therefore, was to determine
the variation in Torque requirement under different field conditions.
To accomplish this purpose a torquemeter, Figure X, which had been
constructed in the Agricultural Engineering Department was used. The
torquemeter was equipped with SR~4 strain gages which were mounted on a
circular shaft of a uniform cross section. Four gages had been used,
and were located on the shaft in 90° angle with respect to each other.
In order to provide electrical contact between the gages which were
rotating, and the instruments which were stationary, collector or slip
rings were used. The gage leads were soldered to the slip rings. Con-
ducting brushes had bmen used te complete the electrical connections
between the gages and recording instrument.

The torquemeter was installed between the hydraulic motor and
the stéering mechanism. A flexible coupling also was used to compensate

for any misalignment. The gage leads were connected to an amplifier and



Figure X. Arrangement of the Torquemeter on Tramctor.

Figure XI. Steserinp Torque Heasurement in the Field.
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a recording instrument. The set up allowed determination of the torque
requirements dynamically.

The torguemeter was calibrated prior to field tests. To obtain
the calibration factor, the torquemeter was held in position by securing
it in a vise. An eighteen inch long pipe was used as the lever arm,
and was positioned perpandicular to one end of the torquemeter shaft,
while the other end of the shaft was kept stationary. A small scale
was connected to the end of the lever arm in such a manner that it could
be pulled in a perpendicular direction, with respect to the lever arm.
The magnitude of the applied forces and the deflection of the indicating
instrument to which the torquemeter leads had been connected were used
to arrive at a calibration factor.

Several tests were performed to determine the variation in torque
requirement for steering action. The most torgque was required to
steer, when the tractor was stationary on the concrete flooxr. OCn the
other hand the least amount of torque was re#quired when driving on plowed
land. For comparison several charts showing the torque requirements
under different conditions are shown in Figures XII, XIII, and XIV,
Figure XI shows the steering torque measurement in the field.

The torque values as obtained with the above procedures are the
required torque at the knuckle. However, due to the steering gear
ratio, it was also desirable to obtain some values regarding the torque
requirement at the spindle.

The following theoretical calculations were used to arrive at

the moment around the king pin:



Figure XII. Torgque Values for Steering of tha Stationary
Tractor on Concrete.
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Figure XIII. Torque Values for Steering of the Moving
Tractor on Loose Gravel,

Figure XIV. Torque Values for Steering of the Moving Tractor

on Flowed Land.
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Mkp szWh

W is the axial load on each front wheel. Then using the total
welght of the tractor, W was found to be:

weight of the tractor —-- 4174 pounds.

w = 4174 (30.875) = 1324 pounds.
5

30.875 = distance from the center of gravity of the tractor
to the rear axle.
84.5 = the wheel base.
Therefore, the weight on one wheel was found to bat
1324/2 = 662 1lbs.
The coefficient of friction & was determined from the Figure XV.
The value of (e) on the king pin offset and the width of the tire

was measured, and e was found to be:

2 = lol“é = .29
b 5

from the Figure XV, # = .39

The value of h or the effective torque arm was calculated as:

h = \/ez-b-ka

K is the radius of gyration of the footprint area and its numer-

ical value was found as:

k'—lﬂ.
A
b“
e 77T =
nbz 8
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k™ = (g) = 3,125

Substituting the corresponding values in equation for h resulted:
Mep = (.39)(662)(2.28) = 590 in.1lb.

The moment around the king pin was also determined experimentally

using the followlng procedure:

Figure XV. &teering Arm Forces for the Corresponding Torque
at Steering Shaft.

A transducer equipped with SR-4 strain gages was calibrated and
placed in the steering arm. The leads were connected to an amplifier
and a recording instrument. Known torques were applied at knuckle in
front of the worm gear while the corresponding forces in the steering
arm were recorded by the instrument, Figure XV. Several tests were
conducted and s curve such as shown in Figure XVI was obtained:

For example: One torgque applied at the knuckle was:

18.5" (10) = 185 in.lb.
The force in the steering arm from the chart = 136 lbs. There-

fore, the moment mround the king pin was found as:
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Figure XVI. Static Steering Friction Coefficient as a Function of
Ratio of King Pin Offset to Normal Tire Wwidth.



‘e * 136(5+43) = 740 in.1v.
Where 5.43 is the perpendicular distance from the steering arm to the
king pin.

Investigation and data on detarmination of the steering torque
requirements resulted in several conclusions:

l. A linear relntionship exists between the input torque at the
knuckle in front of the steering worm gear and the moment around the
king pin. Input torques as plotted against the king pin moment are shown
in Figure XVII. Also, the data in Table 1 indicated that the ratio of
the input torque to the king pin moment was approximately 4,

2. The study of the experimental torque values indicated that
a maximum of 260 in.lb., was required for steering of the stationary
tractor on the concrete floor. This input torque, when converted to
the moment around the king pin, resulted: 260(4) = 1040 in.lb.

On the other hand, the theoretical calculations show that the
moment around the king pin was 590 in.1b. Keeping in mind that 104O
in.lbe is the moment around both king pins, then half of this value or
520 in.1b. is the required king pin moment, which approximately checks
with the theoretical results.

3. ‘When the tractor was tested in the field while moving, a
maximum of 16C in.lb. at the knuckle or 640 in.lb. at the king pin was
required to steer the tractor. Therefore, the king pin moment for each
wheel would be: 640/2 = 320 in.lb.

The theoreticsl calculations, on the other hand, gave a completely

different result as indicated below:
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Table 1. Experimental Value of Torgue Hequirement for
Steering of Statiomary Tractor.

Ratio of Steering

Sleeving Shaft Steering Arm King Fin Shaft Torqus to
Torque, in.lb. Forces, 1lb. Homent, in.lb. King Pin tfoment
37.0 26,0 141.0 3.81
74.0 54,0 293.0 3.96
111.0 84,0 456,0 L.11
148.0 112.0 620.0 419
185.0 136.0 740.0 4,00

Mk = Wesin o (1 -casX ) b
P 2B

From the condition of the tractor, the numerical value of each term was

found as follows:

W o= 4174 1b,
e = 1045 inch
g = 7°

o = 90° for maximum king pin moment

B = 84,5"

b = 30.875"

Substituting these values in the formula sand carrying through

resulted:

"k = hl h(l.k )(olZZ)(l’O) 08 = 86 iﬂolbc
P 551.5‘?5(55-55

Comparison of the theoretical to the experimental, resulte indi-

cated a considerable amount of varistion. Theoretically, only 86 im.lb.
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of torque was rejuired as compared to 240 in.lb. with the experimental
results. Such a discrepancy could be explained and justified as
follows:

Formula (1), which was used to determine the torque requirement
of the moving tractor, is primarily designed for fast moving vehicles
such as automobiles. On the other hand, under many field conditions
the tractor has to travel less than five miles an hour. Therefore, it
is entirely possible that at very low speeds, even though some of the
static friction between the tire and the ground has been overcome,
additional torgue is required to compensate for both static friction and

slow motion.

Selection of Automatic Steering Components

The first step in selection of automatic steering components was
to choose a motor which would be capable of actuating the steering
mechanism. A4 Char-Lynn motor model (g) was selected, and the oil flow
rate through it was calculated. It was assumed that the motor would
rotate at a maximum speed of 60 RPM. The torque output of the motor as
wag specified by the company was 2,250 in.lb. Therefore, the volum# of
oil flow through the motor was found toc be:

60 RFM (.05 gal/rpm) = 3.0 gpm
2,250 in.1lb. (.16 gpm/100 in.1lb.) = 3.6 gpm
3.0 + 3.6 = 6.6 gpm

Thus, at a speed of 60 RPM up to 6.2 gallons could flow through

the motor. But the torquemeter data indicated that only 1,040 in.lb.

of torque was necessary for full steering action. As a result, the actual
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volume of the oil through the motor was found to ba:
60 RPM (.052) = 3.0 gpm
1,040 in,1b. (.16 grm/100 in.lb.) = 1.68 gpm
3.0 + 1,68 = 4,68 gpm
The next step was to select an electro hydraulic servo valve
capable of discharging at least 4,68 gallons of oil per minute.
A Pagasue servo valve model 120-F was selected, Figure XVIII.
The valve had a flow capacity of 5 gpm at 1,000 psi, as shown in Figure

XIX.
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Figure XVIII. Servo Valve,

The velve is capable of controlling the oil flow rate to the

hydrzulic motor in proportion to a differsntial current input signal
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from an amplifier. The valve is made up of an electro mechanical actua-
tor and 2 zero lapped four-way valve. The servo valve is also equipped
with a double flapper boost system which drives the spool at elevated
force and stiffness levels, The spool is drivem by the fixed rods which
are located at each end of the servo valve. Thess pivot rods are sealed
in place and actuate the variable nozzles which are located at the end
of the spool. Oil under pressure enters the boost system through the
center of the spool and is filtered before it reaches the fixed up
stream nozales.

To match the servo valve, a Pegasus model 402 amplifier was
selected. The amplifier is so designed to provide a differential
current to a two-load coll in response to a low voltage input. The
amplifier is a three~stage push-pull direct coupled amplifier, the output
of which is8 O to + 40 milliampers., The amplifier is designed to operate
with 110 V AC. Thus it was necessary to provide an inverter capable of
converting the 12 V DC power supply of the tractor to 110 volts alternate
current. The selected inverter had aa output capacity of 8C watts and

was quite adequate to operate the amplifier which required 4O watts.

Preliminary Teats

According tc the specification of the mervo amplifier, an input
of 200 millivolts provides an output of 40 wmilliampers. The 40 milli-
ampers differential current from the amplifier enables the servo valve
to allow a flow rate of 5 gallons per minute at 1000 psi. To temporarily
obtasin the required 200 milliveolts for tast purposes, a simple potentio-

meter circuit was constructed.
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Using a variable resistor of 10k, the required current to secure
200 millivolts voltaze across the resistor was calculated as:
200 millivolts = .2 volts
V = RI
«2 = 1000 (I)
I = «2/1000 = 2(1())"5 amperes
To obtain the calculated current of 2(.10)"5 amperss a small
storage battery of 1.35 volts was used. Then using Chm's law, the
corroct size of a resimtor was determined, which, when put in series
wvith the battery, allowed only a current of 2(10)™> amperes or 20
microamperes through the circuit.
V = RI
1.35 = R(2)(10)™7

R= 1, 2:2 = 67500 Chms
210)~°

Therefore, a c¢ircuit such as shown in Figure XX was developed
to provide the necessary input voltage to the amplifier. With this
setup it was possible to change the value of input voltage between zero
and 200 millivolts. The purpose of the two-way switch was to provide
a means by which the input voltage could be reversed both in the posi~
tive and negative directions. Therefore, it was possible to obtain a
maximum differential current of + 40 milliamperes from the amplifier.
The output leads of the potentiameter were connected to the imput
terminals of the amplifier. The variable resistor was adjusted so that

no signal was being transferred to the amplifier. Next, the tractor was
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started and the amplifier turned on. The meter indicating the input
milliamps to the servo valve was balanced to read zero when there was no
input signal. VWhen the variable resicstor was turned clockwise to allow
the signals to enter the amplifier, the servo valve was not actuated and
the tractor's front wheels stayed stationary. The signals were inten-
sified up to 200 millivolts but the servo walve did not respond. The
same situation was noticed when the direction of the differential current
was reversed.

The system was checked thoroughly. Every component was function-
ing except the servo valve. Therefore it was concluded that the hy-
draulic hoses between the pump, servo valve, and hydraulic motor were
not connected properly. The hose connections were switched around, and
secured in position in a pattern which seemed most reasonable and logical,

When the system was ready, the signals were sent to the amplifier
again and it was noticed that the servo valve was responding and the
front wheels started to steer to the left. However, when the direction
of differential current was reversed, thare was no steering action to
tha right.

Attention was focused again on the servc valve. The valve was
dismounted and taken apart. It was found that the valve spool had been
stuck in position, so that it could not be moved by sealed pivot rods,
The components of the valve were washed with cleaning fluid and were
flushed with compressed air. Even though the valve was equipped with a
screen filter in the supply port, nevertheless, pleces of iron filings

and other foreign materisls were found around every port. The valve was
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put back again in the system, hut it did not function properly despite
considerable effort and repeated attempts.

Une conclusion was reached after the valve was taken apart
several times. Operation was not possible while there was any trace of
iron filings and other materizsls in the oil.

The situation was explained in & correspondence with the companye.
In = reply from the company, installation of a full flew filter in the
hydraulic pressure line preceding the serve velve had been highly
emphasized. According tc the manufacturer's recommendation, a filter
with 10 micron certridge was purchased and installed in the pressure
line. 7“Then, in order to flush the system, the presszure line to the
valve was by-passed around the valve to exhaust. W¥ith the system con~
nected as such, the tractor was started and allowed to run for two hours,
it the end of two hours, the servo valve was also placed in the system.
When the input signals from potentiometer were sent to the amplifier,
the steering of the tractor to the left indicated that the valve was
functioning properly. The switch in the potentiometer circuit was
placed in reverse position. Therefore, as a result of change in the
direction of the differentisl current, steering sction started in the
opposite direction. At this point it was concluded that a fine full
flow filter must be an integral vart of the system, without which the
operation of the servo vzlve would be impaired.

The addition of the filter resulted in a workable system;
however, new problems were encountered nt the same time. The filter

could not withstond the high o0il pressure as the enwgine RFM incressed.
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Heavy leakage was noticed which made the automatic stesring impractical
at very high engine speeda. To overcome this problem, a relief valve
was inatalled in the system in parallel with the o0il filter. Addition
of such a valve made it possible to by-pass some of the oil flow around
the filter. The relief velve had to be kept half open to mllow encugh
oil to pass through it, and thus prevent filter leakuge.

When satisfactory operation of the automaztic steering was assured,
the next step was to determine whether it could alsc be used inter-
changeably with power and manual steering. When all the connections
were secured, an attempt was made to steer the tractor manually with the
automatic components in the off position. Even though the steering was
possible, it seemed that a continuous resisting force was opposing the
rotation of the hydraulic motor in the diraction that was intended by
the steering wheel. The automatic stesring also did not function very
well with the power steering in the system. To improve the situation,
several gate valves were installed in the hydraulic system. Two valves
were installed in the pressure and return lines joining the hydraunlic
pump to the servo valve, Also, four additional valves were installed
in the lines Joining the pump to the orbitrol, and the orbitrol to the
hydraulic motor.

A thorough check was made of the overall perfermance of the
system, and the results indicated the reliability of both automatic and
power steering. However, it was noted that only two valves in the
supply lines to the orbitrol and servo valve were sufficient for satis-

factory operation; while the other four gate valves did not affect the
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operation of the system, It was also concluded that in order to speed
the change over from manual to automatic steering, the present gate
valves should be replaced with a different type to provide a quicker
on and off operation., Figure XXI shows the instrument involved in
automatic steering and Figure XXIY shows the location of gate valves

and the oil filter.

Design of the Strain Gage Transducer

It has been mentioned before that a maximum of 200 millivolts
was required to best actuate the servo components of the automatic
steering., Te supply the necessary voltage it was decided to use strain
gages in a wheatstone bridge circuit.

Two feeler arms were located on the tractor te form a cantilever
beam anytime the tractor would turn away from the crop row. Selection
of the material for the feelers required laboratory testing of several
readily available materials. There were several desired characteristics
which were looked for in the feeler arm material, such as:

le Iow modulus of elasticity.

2. High stress.

3« High yield point and elastic limit,

ke Flexibility.

Spring steel provided a highly flexible arm, however, since its
modulus of elastiecity was guite high, not much strain resulted when
it was bent. Next, attention wae focused on plexiglass. Plexiglass

showed a very high degree of flexibility; however, when the properties



Figure XXI. Automatic Steering Components.

Figure XXII.

Gate Valves and Hydraulic Oil Filter.
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of the material were studied, it was found that plexiglass had a very

low stress capacity. But because the modulus of elasticity of the plexi-
glass was also low, it was believed that it could develop the necessary
voltage in the bridge eircuit.

Pour strain gages were mounted on a plece of 2 inch wide and 2
feet long plexiglass. The gages were mounted in a mamner so that any
deflection of the arm could result in tension in two gages while the
other two gages would be in compresszion. The terminals of the cirecuit
were connected to an indicating instrument. But the result of the test
indicated that the maximum output voltage could not exceed SO millivolts,
which was not quite encugh to actuate the servo system. Another dis-
advantage of the plexiglass was the fact that it bhad a very low heat
dissipation property which resulted in self heating of the gages.

As a compromise between spring steel and plexiglass, aluminum
seemed to provide the best answer. Aluminum has a relatively high
stress while ité modulus of elasticity is low. The only objection in
using zluminum was its rather poor flexibility which resulted in
residual bending. The value of strain for aluminum was calculated using
Hooke's law.

€.
E
e = %%000 = 2700 miero inch/inch

The following calculations pertain to the aluminum for the

sensing device,

Several asmumptions were made in the design of the strain gage
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transducer as follows:

1, The full output of the bridge circuit was based on a six
inch deflection of the feeler arms.

2. The feeler arms were to be deflected six inches when a
maximum 2 poumnds of force was applied.

Te determine the correct width of the feeler, the following

calculations were used:

3
3EI

ya

where y = maximum deflection = 6"
p = maximum applied force = 2 1lb.

the length of the arm = 24 inches

E = modulus of elasticity of aluminum = 10(10)6

I = moment of inertia of the cross section in inh
Substituting the corresponding values in the formula and solving for
(I) resulted:

6 = 2(24)°
Bulﬂlllﬂlil

I=2(26° = 1536
18¢10)7 (10)?

For a rectangular cross section the moment of inertia (I) is given by
the equation:

I=1 b
12

Where b is the width of the cross section and h is the height. There-

fore, for h = 1/8" b was calculated as:



I=15% =21 b (1/8)°
10} 12

b = lﬁx (12) s 95"
(10)7 (.125)°

Figure XXIII shows the location of the feeler on the tractor.

An important factor in the design of the strain gage transducer
is to prevent any self heating effect in the gages. The heating effect
is caused by the input voltage to the circuit. Therefore, selection of
the storage battery for the bridge circuit requires careful considera-
tion. Usually a maximum self heating effect of .5 watts is sllowed per
arm of bridge. Using this value the correct size of the battery was
calculated as:

WsBIa

W = dissipated power in the form of heat

o
L}

registance of strain gage = 120 Ohme
I = the current through the bridge arm in amperes
(120) 1°

.5 = 00417
b

°
wm
#®

(]
2
]

]
]

+0645 amperes
Therefore only a current of .O645 amperes through each arm of the
bridge could not cause any self heating effect:
V = IR
V = .0645 (120 x 120)
V = .0645(240) = 16 volts
i 16 volt storage battery was selected and placed in the circuit.

Then the maximum output voltage of the transducer for esix inches



Figure XXIII. Location of Fesler on the Tractor,

Figure XXIV. General View of the Tractor with Automatic
Steering Components,



deflection of tha femelers was calculated mm:

E = EGen

[}

E_ = 16(2)(2700) &
° L

E = 86500 mierovolta
86500/1000 = 06.5 millivolts

As it is observed from the calculations, the output voltage of
the bridge was not guite adequate to best actuate the servo valve. As
& result, the steering action was not guick enough. To overcome this
problem, one alternative was to add another wheatstone bridge circuit
to the fesler and place it in series with the original circuit. uWith
this method it was posaible to increase the output voltage to 173 =
2(86.5),

However, a second alternative was to place a preamplifier device
betwesn the bridge circuit and the &ervo amplifier., Because the latter
method was more practical, it was decided to try it out. The remult
was very satisfactory as the output voltage could be amplified up to
200 millivolts. In the futurs it mey be possible to provide a transistor

preamplifier tc replace the present amplifier and indicmting instrument.
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SUMMARY

An automatic guiding system which enables a tractor to guide it-
self in the field by sensing the position of the crop rows was designed,
constructed, and laboratory tested. The design criterion for the system
was obtained from previous investigations, present trends, and the need
for more automation of the agricultural processes.

The system described in this study applies the principle and
fundamentals of servomechanisms. The primary criterion for selection
of the servo components was the torque requirement for steering action.
The required torque for steering under various field conditions was
calculated theoretically, and also determined experimentally, using a
torquemeter in front of the worm gear., The relationship between the
torque at the steering shaft and the torque around the king pin was de-
termined, using a strain gage transducer in the steering arm and calcu-
lating the force for the corresponding input torque at the steering
shaft.

4 completely hydraulic power steering system which resulted in
removal of all the mechanical linkeges between steering wheel and steer-
ing axle was installed on the tractor. This new power steering not only
facilitated the installatien of the automatic guiding components, but
also resulted in a quicker and more positive manual steering.

The sensing element of the system consisted of two feeler arms,
and was located on the tractor in a manner to deflect as a cantilever
beam whenever the tractor was off the center with respect to the crop

row., The feeler arms were equipped with SR-4 strain gages to form a
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wheatstone bridge circuit. The bridge circuit provided the necessary
voltage for actuation of the servo components of the guiding system.

Theé output voltage of the transducer depended upon the amount of de=

flection in the feeler arms.

Several matarials were laboratory tested to arrive at a suitable
material for the feeler arms, Aluminum appeared to provide the best
answer at the present time. The plexiglass matérials were also promising
due to a high degree of flexibility.

Several problems were encountered while constructing and testing
the guiding system as fcllows:

1. The output voltage from the feeler's bridge circuit was not
adequate for best performance of the servo valve. A preamplifier unit
was used to overcome this problem.

2. High precision parts of the servo valve were very sensitive
to any foreign materials in the fluid which resulted in the addition of
a filter with 10 micron cartridge in the pressure line of the servo

valve.
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CONCLUSIONS

l, The automatic guiding system developed in this study has been
laboratory tested successfully. The results of the tests indicated the
following advantages over the previous guiding methods: (a) The steer-
ing action is proportional to the feeler's deflection, and (b) Full
steering action is possible in both directions, the quickness of which
depends on the input signals.

2. A full flow filter equipped with a 10 micron cartridge and
installed in the supply line of the servo valve must be an integral come-
ponent of the system, without which the operation is impaired.

3. Strain gages can be used to provide the source of input
signals. However, since the maximum voltage cannot be obtained from one
bridge circuit, a presmplifier device smhould be placed between the
transducer and the servo amplifier,

4, The theoretical formula for determination of moment around
the king pin of a stationary tractor zgrees with the experimental
values, but the same is not true when the tractor is moving.

5« A linear relationship exists between the input torque at the
steering shaft and the moment around the lkding pin.

6. The numerical values of the torque requirement for steering
of the stationary and moving tractor as determined theoreticslly and
experimentally are:

Stationary Tractor Moving Tractor

Theoretical 590 in.lb. 86 in.1b.

Experimental 520 in.lb. 320 in.lb.
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