
A FURROW-FOLLOWING TRACTOR GUIDANCE SYSTEM

A Thesis

Submitted to the Faculty of Graduate Studies

in Partial Fulfilment of the ReqUirements

For the Degree ot

Master of Science

in the

Department of Mechanical Engineering

and the Division or Control Engineering

University of Saskatchewan

by

Thomas Gordon Kirk

Saskatoon, Saskatchewan

January, 1974

(c) 1974, Thomas Gordon Kirk



ii

The author has agreed that the Library, University of

Saskatchewan, shall make this thesis freely available for

inspection. Moreover, the author has agreed that permission

for extensive copying of this thesis for scholarly purposes may

be granted by the Professor or Professors who supervised the

thesis work recorded herin, or, in their absence, by the Head

of the Department or the Dean of the College in which the thesis

work was done. It is understood that due recognition will be

given to the author of this thesis and to the University of

Saskatchewan in any use of materials in this thesis. Copying or

publication or any other use of the thesis for financial gain

without approval by the University of Saskatchewan and the author's

written permission is prohibited.

Requests for permission to copy or to make other use

of material in this thesis in whole or in part should be addressed

to:

Head of the Department of Mechanical Engineering

University of Saskatchewan

Saskatoon, CANADA



iii

ABSTRACT

This thesis describes the development of a marker

follower guidance system for farm tractors. With each pass of

the tractor and implement, the system leaves a furrow-marker

which is followed on the next pass. For perimeter operation,

the system can be used as the major portion of a fully automatic

guidance system; the farmer makes the first pass around the

outside of the field, and the system makes each subsequent

pass around the field automatically, working its way into the

centre of the field. For switchback operation the system can

be used in the semi-automatic mode with the farmer remaining

on the tractor; by automatically guiding the tractor between

the headlands, driver fatigue is lessened and efficiency is

increased. This gUidance system, with proper adaptation, could

be used for most tillage and seeding operations.

Field tests on a cultivated field showed the system

to have good following characteristics on both straight and

curved paths. The system showed good stability at speeds up

to 6 miles per hour on straight paths, and was capable of

following a 15 foot radius turn at 2.5 miles per hour.
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1. INTRODUCTION

1.1 General

During the last 40 years, the cost of living haa in

creased at a much higher rate than has the price of farm

products. This cost-price squeeze has forced the smaller

farms out of business, only the larger farms have been able

to survive. In addition, the supply of experienced farm labor

has been steadily decreasing. Hence, the increasing size of

farms coupled with a serious labor shortage means each farm

operator must increase hie output per man hour of labor.

Farm mechanization has greatly increased output per

farm worker. However, with farm mechanization nearly at its

limit, there has been a trend towards the application of

automatic control in the agricultural industry during the past

few years. Not only is automation capable of further increasing

the output per farm worker, but it is also capable of removing

the farmer from undesirable field conditions such as heat,

cold, dust, exhaust gases, noise and vibration.

Many farming operations are amenable to automatic

contro12~ One topic that has received a considerable amount

of attention is that of automatic guidance of farm tractors.

As a large portion of farm work involves driving a tractor,

this topic is well worthlnvestigation.

1.2 Previous Work on Tractor Guidance

Several feasible tractor gUidance systems have been

proposed and/or bUilt. Some of these systems are fUlly auto

matic while others are semi-automatic and require the aid of
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a human operator. Systems of the semi-automatic type are

discussed below.

Radio control of farm tractors by a human operator

situated at a remote location was accomplished as early as
9

1945. In 1959, a group of Russian researchers built a

mUlti-channel radio controlled tractor employing hydraulic

15actuators as power devices. A similar unit was designed

18and constructed at the University of Nebraska , but employed

dual audio modUlators, which allowed two .control signals

to be transmitted simultaneously rather than one as waa the

case for the Russian design.
11

Larson suggested that a slave tractor could be

positioned automatically as it trails behind a manually con-

trolled tractor. The two units would be connected by a

physical variable-length link so that the angular displacement

of the tront wheels on the slave vehicle would be a function

of the offset angle, link length, and the angular displacement

of the front wheels on the master vehicle. This technique

would enable one man to operate two tractor-implement units.

A similar slave tractor system has been developed

by Gillespie at the University of Saskatchewan5• This system

employed a physical variable-length link between the master

and slave vehicles as was suggested by Larson. The speed of

the slave vehicle was dependent upon the length of the link,

while the steering wheel position or the slave vehicle was a

function of the angles the link made with the master and

slave vehicles. Field tests showed the slave tractor to have
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good following characteristics.

Fully automatic tractor gUidance systems can be

classified as either "command guidance" or "preset gUidance".

For "command guidance" systems the tractor position is

determined and corrected automatically from an external

location. For "preset guidance" the tractor position is

determined and corrected from the tractor itself. Various

"command gUidance" systems are discussed below.

A system for automatic tractor gUidance where

position information was to be provided by triangulation was

suggested by Mac Hardy14. It was further suggested that

infra-red detectors, seeking the hot tractor exhaust pipe,

be employed in the triangulation tracking. Preliminary in

vestigations showed that an infra-red detector was indeed

capable of detecting a tractor exhaust pipe. However, one

problem with the triangulation method is that the angular

information must have extremely high accuracy to yield suitable

tractor position information.

Radar tracking is highly developed and its suit

ability as the position sensing portion of a command guidance

system has been amply illustrated in the missile field19•

It is likely that radar tracking could also be used in a

similar fashion for gUiding an agricultural tractor, although

such a system would certainly be very complex and costly.

"Preset gUidance" systems are generally simpler and

less costly than "comDland gUidance" systems as all position

sensing devices and control elements are contained on the



.. 4 ..

vehicle. Various "preset guidance" systems are discussed

below.

onshinsky16 proposed a "dead reckoning" tractor

guidance system where the vehicle is started from a known point

and performs all subsequent operations by reference to internal

standards of heading and distance. Such a system was built
6by Gilmour in 1958. The system was not successful since no

provision was made to move the tractor accurately over one

implement width on the headlands, and slight disturbances, plus

side slippage, caused a considerable error to accumulate along

each pass.

One of the more successful preset tractor guidance

systems is the leader cable system. Here a buried current-

carrying wire is used as a steering reference. A magnetic-

guidance system on the tractor guides the tractor along the

buried cable. Working experimental tractors employing this

form of guidance have been developed in Britain4 and the U.S.A. 21

where several hundred acres have been wired for field testing.

However, it has been demonstrated by Goering7 that a leader

cable tractor gUidance system is unprofitable for small grains,

silage, and hay crops.

Wide wire leader cable tractors have been investigated
123by Brooke ". Here more than one pass can be made for each

buried cable as the system can operate at various distances

from the cable. Brooke has demonstrated that the system can

operate with spacings of 60 meters. Various problems .are yet

to be solved with this system including programmer inaccuracy
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and datum drift.

Another technique similar to the leader cable system

is the so-called "beam rider" technique. Here the tractor

would follow a laser or other suitable beam between the head

lands rather than the buried cable. In 1962, a laser was used

to accurately guide a large tunnelling machine during a

New Mexico irrigation project 13• It 1s reported that after

an advance of a mile and a half, the cutting machine had not

strayed more than 5/8 inch from its planned course. The beam

rider technique has not yet been applied to guidance of

agricultural tractors because the anticipated high cost ot this

system, as well as its limited flexibility (straight line

passes, relatively level land), makes it unsuitable for general

tractor guidance applications.

Systems have been developed for gUiding a tractor

or other field machine along a row of plants or along the edge

ofa standing crop. As early as 1958 Richey20 bu.ilt an ItAuto-·

matic Pilot" which guided a tractor along a row of plants.

Another plant row following system developed by suggs23 has

shown favorable results when tested under field conditions.

Parish
1
? has fitted a hydrostatic drive windrower with sensors

capable of detecting the edge of rather poor quality alfalfa

and has demonstrated the system can operate under actual adverse

field conditions. Recently Stansfield22 developed a guidance

system capable of following the furrow wall formed by a

plough, and he is presently investigating the feasibility of

using photo-elect~ic methods to detect the furrow wall rather
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than the mechanical methods previously used.

A final type of tractor guidance system is the marker-

follower system. Here a marker of some type is traced out along

the edge of each pass and serves as a position reference for

the tractor on the SUbsequent pass. A system employing a cord

buried a few inches below the surface of the ground was devel

oped by Widden and Blair in Australia25• The cord was used

as a position reference for the gUiding system, and as the

tractor moved along, it removed the cord from the ground and

reinstalled the cord in the proper position to be tollowed on

the SUbsequent pasa. In this sYstem serious problems were

found in handling the cord.

Grovum and Zoerb8 have developed a marker-follower

system using a furrow marker. Here two small guage wheels

travelled on either side of the furrow marker. When the tractor

stra.yed in a lateral direction, one wheel would drop into the

furrow to produce a displacement signal. A gyroscope, which

operated from the tractor exhaust system, provided a direction

signal. The system was capable .of guiding the tractor along

a straight furrow at speeds up to 4.2 miles per hour with

good long term stability. Warner and Harris24 also report the

development of a system using a furrow as the marker. In this

case, a novel sensing device employing ultrasonic pulse-echo

ranging was tried. The equipment performed satisfactorily

on a test track; however, the ultrasonic detection proved un-

satisfactory in actual field conditions due to "insufficient

reflection from the ground".
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1.3 Objective

Consideration of the pros and cons of the various

types of systems described in the previous section led to the

conclusion that the furrow-following system was the type most

worthy of further investigation. Advantages of the furrow

following system are:

1) A minimum number of components are required, and com

ponents need not have extreme accuracy, 60 that the total cost

of the system can be kept to a reasonable level.

2) The entire control system is contained on the tractor

60 there is no problem in moving from one field to another.

3) There is no need for costly preparation of the field

(such as laying guiding wires).

4) The pattern of working the field is not fixed but

can be easily changed to suit the particUlar needs of the

farmer.

5) This system is adaptable to both fully automatic

operation and semi-automatic operation.

The furrow-following guidance systems developed to

date are far from ideal. They experience stability problems

at higher working speeds, and therefore are only useful for

farming operations where a lower working speed is satisfactory.

No system yet developed is capable of following the furrow

around a corner; they are restricted to straight line operation.

No provision has yet been made for turning the tractor around

at the headlands. Also, systems developed to date still tend
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to be rather complex and too costly for the average farmer.

Therefore, it is apparent that further investigation into this

type of tractor guidance system is warranted.

The objective of this project was to design, build,

and field test a furrow-following tractor gUidance system.

It was desired that the system would have good stability at

normal working speeds as well as a small tracking error. It

was desired that the system would be capable of following the

furrow around corners as well as in a straight line. Also,

it was hoped that costly components could be avoided eo that

the total cost of the system could be kept to a minimum.

It was intended that the completed system could be

used either as an integral part of a fully automatic tractor

guidance system, or as a "driver aid" with the driver remaining

on the tractor. As a driver aid, the system would free the

driver from the task of steering the tractor. This would allow

him to devote more time to other aspects of the tillage opera

tion, and thus result in more efficient operation ae well as

lese driver fatigue.
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2. PROPOSED SYSTEM

2.1 General

For this investigation, ~t was proposed that a steer

ing control system be developed that would cause the right

front wheel of the tractor to follow the guide furrow at all

times. In addition, it was decided to construct and test a

unit suitable for perimeter operation. Perimeter operation

can be used for most tillage and seeding operations, and is

adaptable to most field shapes. The pattern for perimeter opera-

tion in a rectangular field is shown schematically in figure 2.1.

The general tractor-implement arrangement for perimeter

operation is shown in figure 2.2. The right front wheel of the

tractor follows the gUide furrow made on the previous pass.

This furrow is then filled in by the implement as the implement

passes over it. A special shovel is attached to the implement

in the proper position to make the gUidance furrow for the

subsequent pass. Ifth~ implement width is Wand the desired

overlap is V, then this furrow digger would be placed a distance

W - V from the previous gUide furrow as shown in figure 2.2.

With this arrangement the farmer would make the first'pass

around the outside of the field manually, and the tractor would

make each subsequent pass around the field automatically, work

ing its way into the center of the field. The tractor could

be programmed to stop when it had done all of the field that

it was capable of doing automatically, and the farmer would then

manually finish the small portion remaining ~n the center of

the field.
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FIGURE 2.1 PATH FOLLOWED FOR PERIMETER OPERATION

---.-----__e..-- GUIDANCE FURROW MADE

FOR NEXT PASS

w-v,

,-----I T
RIGHT FRONT WHEEL

FOLLOWS FURROW

Wz ------
FURROW FILLED

IN BY IMPLEMENT

FIGURE 2.2 GENERAL ARRANGEMENT FOR PERIMETER OPERATION
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For switchback operation, a different tractor-implement

arrangement would be required with a furrow digger mounted on

each side of the implement. Here the system would automatically

guide the tractor between the headlands, with the farmer staying

on the tractor to make the turns at the headlands.

2.2 Guidance System Operation

In order to. keep the right front wheel of the tractor

following the guide furrow it was necessary to have some means

of determining the actual position of the guide furrow. This

was accomplished by means of a mechanical arrangement extending

in front of the tractor as shown in figures 2.3 and 2.4.

The supporting arm was attached to the tractor so

that it was free to rotate about a vertical axis located at its

rearward end. In addition, it was connected to the steering

linkage in such a way that the forward end of the arm was in

line with the rolling direction of the right front wheel.

Hence, if the tractor steering wheel was being turned to the

right, the supporting arm would also swing to the right.

The trailing arm was attached to the forward end of

the supporting arm with a vertical axis swivel. A special

device, shaped to follow the bottom of the guide furrow, was

attached to the trailing arm as shown in figures 2.3 and 2.4

by means of a swivel and spring. The swivel allowed for

vertical movement of the furrow following device, while the

spring kept the device pressed down into the furrow. Hence,

as long as the forward end of the arm was near the guide

furrow, the furrow following device would drag directly in
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SUPPORTING ARM

SWIVEL

TRAILING ARM

FURROW FOLLOWING DEVICE

,. TIE ROD
II

~~ TRACTOR DRAG LINK
II

te.1; ...~- PI VOTS
'rrnl'-~
"1/\

'"'i'.! --L •'j-- ...

FIGURE 2.3 FORWARD EXTENDING ARRANGEMENT - TOP VIEW

FIGURE 2.4 FORWARD EXTENDING ARRANGEMENT-SIDE VIEW
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Both position and velocity feedback are inherent with

this system. Mounting the furrow sensor in a fixed position

with respect to the tractor provides position feedback, and,

in addition, coupling the sensor mounting to the front wheels

provides a source of velocity feedback, the amount depending

upon the geometry of the ~oup11ng linkages.
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3. COMPUTER SIMULATION

Detailed computer simulations of tractor guidance

t i il t th d h 1 d b d 10,12sys ems s m ar 0 e one propose ave area yeen one.

The purpose of doing a computer simulation as part of this

project was two-fold:

i) to determine whether the particular system proposed

was indeed workable, and

1i) to gain information about various system parameters

that would be helpful in setting up the actual physical system.

3.1 Mathematical Model

The geometry of the proposed tractor guidance system

is shown in figure 3.1. Point A is the same point discussed in

the previous section (see figure 2.3), point B is the position

of the right front wheel of the tractor, and point C is the

position of the right rear wheel. The distances of- points A,

Band C from a reference line parallel to the guide furrow are

distance, h, is the horizontal distance the furrow follower

deviates from being directly under point A. The angle of the

tractor with respect to the reference line is given by a, while

the angle of the right front wheel with respect to the tractor

is given by Q.

Since the control system tries to maintain h = 0 we

can safely assume that the angle p will never become very large,

providing the guide furrow is reasonably straight. Therefore
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FIGURE 3.1 GEOMETRY OF TRACTOR GUIDANCE SYSTEM
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FIGURE 3.2 BLOCK DIAGRAM OF GUIDANCE SYSTEM
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we can say (refer to figure 3.1):

Zl = r + h cos(a + Q)

Also from figure 3.1:

Z2 = Zl + b ain(n + Q)

and

( 1)

(2)

Z3 = Z2 + c sin a (3)

Now, if the tractor is travelling with a velocity

"v" measured at point C, and if we assume that the wheels roll

in the direction they are pointed (hence C moves in the direction

CB), we see from figure 3.1 that:

dZ- -=if = v sin a

Providing the tractor is not turning too sharply (Q is small),

the velocity of point B will also be "v", and point B will move

in the direction BA. Therefore:

dZ2
- dt = v sin (a + Q)

Differentiating equation (2) we obtain:

dZ1 dZ2 d(a + Q)
- dt = - ~ + b cos(a + Q) dt

SUbstituting equations (1), (2) and (3) into

equations (4), (5) and (6) yields:

dZ1 v Z + ~ Z b(Zl-r ) d(a + Q)-~ =- b 1 b 2 + h dt

dZ2 v
Zl

v
Z2- dt = - b + b

dZ
2 v

Z2
v

Z3= - +dt c c

(5)

(6)

(7)

(8)
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Since we have assumed that the tractor is not turning

very sharply (Q is small), ~ will be small, and we can approx-dt

imate d(a+Q) dQ
equation (7). The dQ the speeddt by Cit in term d't is

at which the direction of the front wheels is being changed,

and will be some function of h, the measured error; i.e.

dQ
dt = F(h).

SUbstituting this into equation (7) yields:

(10)

Equations (8), (9) and (10) are the basic system equations.

The function F(h) must be chosen so as to provide

negative feedback to the system. It was decided to test both

an on-off controller and a proportional controller for F(h),

the on-off controller having the advantage of being less costly,

and the proportional controller having the advantage of being

likely to give better performance.

It was apparent that there would be some delay in

the steering servo system. It was determined experimentslly

that the delay in the servo motor-power steering system, although

non-linear, could be approximated by a first order system with

a time constant or T = .33 sec. This gives for the proportional

steering controller:

dQ Kpdt = F(h) = (.33s + 1) x h(t)

and for the on-off controller:

( 11 )

:~ = F( h) = (.33:\ 1)" x [ 6: ~~t~ ~ ( ~) < n] (12)
-1, h(t) < -D
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where ! D is the system dead zone.

3.2 Simulation

The computer simulation was done on a TR-48 analog

computer. A step change in r of 6 inches magnitude was used

to study the stability of the system. As (a+9) would nec-

assari!y be small for this case, equation (10) was further

simplified for the computer simulation by letting Zl - r = h,

giving:

v v
- b Z, + b Z2 + bF(Zl- r )

v v ,
~ Zl + ~ Z2 + F(Z,-r ); (Z,-r ) =h (13)

, ,
where b is incorporated in F by letting Kp = bKp and

Ko = bKo. A simplified block diagram of the guidance system

is shown in figure 3.2.

For the computer simulation, the tractor wheelbase

c was set at 7t feet. Also, as stability problems increase

with tractor speed, a value of v = 10 it/sec was chosen as a

"worst case" condition to study system performance.

To study system performance with the on-off steering

control, equations (8), (9), (12) and (13) were programmed on

the analog computer. A dead zone of ! It inches was chosen

as being a reasonable value. For the initial trial values of

b = 4 feet and Ko = I ft/sec (i.e. Point A would sweep at a

rate of 1 tt/sec when the steering servo was activated) were

chosen. System response to a 6 inch step change in r is shown

in figure 3.3. (In figures 3.3 to 3. 10 the furrow follower

position 1s shown in the top plot while the right front wheel

position is shown in the bottom plot; chart speed =125 mm/min.}
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FIGURE 3.3 COMPUTER RESULTS (On-off, b = 4 ft, K~ 1 ft/sec)

FIGURE 3 0 4 COMPUTER RESULTS (On-off, b = 6 ft, K~ 1 ft/sec)
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The response shown in figure 3.3 was considered

unsuitable due to the large amount of oscillation. It was

apparent that an increase in velocity feedback was required.

This was accomplished by increasing b to 6 feet, thus placing

the furrow sensor farther ahead of the tractor. The response,

as shown in figure 3.4, was considered to be satisfactory.

As expected a steady state limit cycle was present.

In figure 3.5, the gain was increased to Ko = 2 ft/sec.

System response was not significantly improved, however, the

period of the limit cycle was reduced. This was considered

desirable as the amplitude of the trailed implement limit

cycle would be thereby decreased. A further increase in K too

3 ft/sec resulted in instability. A further increase in b

would be physically undesirable.

To study system performance with the proportional

steering control, equations (8), (9), (11) and (13) were pro-

grammed on the computer. For the initial trial values of b = 4 ft

and K = 2 rad/sec (1.e. Point A would sweep at a rate of
p

1 ft/sec for an error signal of h = 6 inches) were chosen.

System response, as shown in figure 3.6, was considered un-

satisfactory due to the large amount of oscillation.

As before, velocity feedback was increased by letting

b =6 ft. The response shown in figure 3.7 was considered

satisfactory.
,

Increasing the gain K to 4 rad/sec resulted inp

slightly improved response as shown in figure 3.8. As this

high value of K would be more difficult to achieve in a
p
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FIGURE 3.5 COMPUTER RESULTS (On-off, b = 6 ft, K~ = 2 ft/sec)

FIGURE 3 0 6 ( K'COMPUTER RESULTS Proportional, b = 4 ft, P = 2 rad/sec)
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FIGURE 3.. 7 COMPUTER RESULTS (Proportional, b 6 ft, K~ = 2 rad/sec)

FIGURE J.8 COMPL~ER RESULTS (Proportional, b
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,
physical system, K = 2 rad/sec was considered to be a morep

reasonable value.
,

With b = 6 feet and K = 2 rad/sec the effect ofp

tractor speed was studied. Figure 3.9 shows excellent response

for v = 6 ft/sec. Figure 3.10 shows oscillatory response for

v = 15 ft/sec. The maximum forward speed for which system

response was considered satisfactory was v = 12 ft/sec.

3.3 Conclusions

On the basis of the computer simulation results it

was concluded that either the proportional or on-off mode of

control could be used to make a workable tractor gUidance

system. The proportional mode of control would be more desir-

able due to greater stability and no limit cycle. However, the

on-off controller was deemed still worthy of being constructed

and field tested because of its inherent low cost.

For a tractor wheelbase of c = 7t feet, a tractor

speed of 10 ft/sec, and a first order steering servo system

with T = .33 sec, the control system parameters for optimum

performance were:

b =6 feet

K = 2 ft/eec
0

dead zone + It inches=-
for the on-off controller, and:

b = 6 feet

K
,

p = 2 rad/sec

for the proportional controller.
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System stability and performance were found to be

very dependent upon the value of T. Therefore, for good

system performance it is important to have the steering system

respond as qUickly as possible.
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4. PHYSICAL SYSTEM

The various components for the tractor guidance

system were constructed by the author and mounted on a Massey

Ferguson model 165 tractor that was available for test purposes.

During field testing a Massey Ferguson ten foot deep-tillage

cultivator was pulled behind the tractor. A general view
-i

of the entire system is shown in figure 5.1. The various

components of the guidance system are discussed in detail in

the following sections.

4.1 Furrow Dig6er

The gUide furrow was made by a specially modified

cultivator shovel as shown in figure 4.1. Metal skirts were

mounted on the shovel to remove the soil from the furrow being

made by the shovel. This modified shovel was mounted on the

cultivator eo that it was inclined into the ground at a

greater angle than the other shovels, the forward tip being

one and one half inches deeper into the ground than the other

shovel tips. With the cultivator operating at 4 inches depth,

the furrow digger left a V-shaped furrow about 5 inches deep

and 16 inches wide. This furrow proved to be very satisfactory.

Figure 4.2 shows the furrow digger in operation.

For test purposes, the furrow digger was mounted on

the left outside shank of the cultivator. This resulted in

about three feet of overlap for perimeter operation. Although

this was considered satisfactory for testing purposes, for

efficient field cultivat1DD the furrow digger would have to be

mounted on a special shank mounted off to the side of the

cultivator.
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FIGURE 4.1 FURROW DIGGER

FIGURE 4.2 FURROW DIGGER IN OPERATION
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4.2 Furrow Following Device and Trailing Arm Arrangement

The furrow following device was mounted on a trailing

arm arrangement as shown in figure 4.3. The trailing arm was

made free to rotate about a vertical axis at its forward end

by means of pillow block bearings mounted on the supporting

arm as shown in the figure. Thus the furrow following device

was allowed to drag directly in the furrow bottom, providing

the forward end of the arm remained reasonably close to the

furrow. The spring and swivel arrangement shown in the figure

allowed for vertical movement of the furrow following device

as it travelled over unevenness in the ground. The spring

kept the following device pressed into the furrow with a force

of 3t pounds. The overall length of the trailing arm arrangement

was 2t feet.

Figure 4.4 shows a close-up view of the furrow

following device. This device was shaped so that the earth

forces, created as the device dragged along the furrow, would

tend to keep the device in the center of the furrow. This

phenomenon is shown in detail in figure 4.5. If the following

device is dragging in the center of the furrow as shown in

figure 4.5a, the earth forces normal to the surface of the

device will cancel in the lateral direction, so that the follow

ing device is in the stable position. If, however, the follow

ing device should start to climb the side of the furrow as

shown in figure 4.5b, then the normal earth forces will be

unbalanced in the lateral direction, and the device will be

forced back into the center of the furrow. The downward spring
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FIGURE 4.3 TRAILING ARM ARRANGEMENT

FIGURE 4.4 FURROW FOLLOWING DEVICE
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force on the following device also helps keep the device in

the center of the furrow.

4.3 Supporting Arm and Steering Llnka!e

Figure 4.6 shows an overall view of the mechanical

arrangement extending in front of the tractor. The supporting

arm as well as the bearing mount for the trailing arm were

made of lightweight aluminum. The overall length of the

supporting arm was 7 feet. The supporting arm was made free

to rotate about a vertical axis at its rearward end by means

of the bearing support shown in figure 4.7. This bearing

support was ~ttached directly to the tractor front axle as shown.

In order to have the supporting arm rotate as the

front wheels were being turned it was necessary to connect

the supporting arm to the tractor steering linkage. A simple

four-bar linkage was used as shown in figure 4.8, the connection

being made from the tractor drag link. Although this linkage

did not provide linearity over the entire turning range of

the tractor,this never presented any problems. The linkage

did provide good linearity over the normal working range.

Initially the steering linkage was connected so that

the supporting arm moved through the· same angle, Q, as the

right front wheel. However, preliminary field tests indicat~d

that there was not sufficient velocity feedback in this system,

just as had been indicated by the computer simulation. In the

computer simulation this problem had been overcome by simply

increasing b (the distance the furrow sensor was in front of

the wheel) from 4 to 6 feet. In the actual system, however,
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FIGURE 4.6 FORWARD EXTENDING MECHANICAL ARRANGEMENT

FIGURE 4.7 BEARING SUPPORT FOR SUPPORTING ARM
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it was not considered reasonable to increase b to any more than

4t feet, or the supporting arm would have been much too awkward.

Instead, the velocity feedback was increased by having the

supporting arm move through a greater angle than the front

wheel. The steering linkage was altered so that the supporting

arm moved through an angle K9when the right front wheel was

turned through an angle Q, where K = 1.31. This produced an

effective value of b of: beff = (1.31)(4.5 ft) = 5.9 ft. This

set up greatly improved the stability of the system in the field.

The supporting arm and trailing arm arrangement was

designed so that it could be easily removed for transporting

the system from one field to the next. This arrangement could

be removed by removing five bolts, all the same size so that

only one wrench size was required. Four of these bolts were

located on the two "D" clamps that held the supporting arm to

the swivel mount (see figure 4.7), and one was located on the

steering drag link of the tractor (see figure 4.8). Removing

or replacing this arm arrangement could easily be done in less

than two minutes.

4.4 steering Wheel Drive

Most farm tractors today are fitted with power steering

which employs a hydraulic ram to position the front wheels.

Two possibilities exist tor positioning the front wheels

automatically. Oil flow to the positioning ram may be con

trolled directly by an electro-hydraulic valve, or alternately,

the manual steering wheel may be mechanically driven.
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FIGURE 4.8 STEERING LINKAGE CONNECTION TO SUPPORTING ARM

FIGURE 4.9 STEERING WHEEL DRIVE
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As the tractor available for test purposes was fitted

with power steering employing a valve integral with the ram,

direct control of oil flow was not considered practical.

Hence, it was decided to drive the manual steering wheel by

means of an electric servo motor and chain drive (see figure 4.9).

A 1/8 horsepower, 200 RPM gear motor was selected for this

purpose. The servo motor, in conjunction with the chain

reduction, provided ample torque and was capable of driving

the steering wheel at a rate comparable to that of a human

operator.

4.5 On-Off Steering Controller

It was decided to build and test both an on-off

type and a proportional type steering controller. For the

on-off controller, the steering wheel was turned to the right

if point A was to the left of the furrow, the steering wheel

was turned to the left if point A was to the right of the

furrow, and the steering wheel was stopped if point A was

close to the furrow. This control was achieved by using a

micro switch and relay arrangement to control the steering

servo motor.

Two micro switches following a cam were mounted on

the trailing arm swivel to provide a signal indicating what

steering action should be taken. Figure 4.11 shows the micro

switch cam arrangement in the "turn right" position. Pre

liminary field tests indicated that a dead zone of ± It inches

(measured at the furrow follower) provided optimum performance.

In addition to the: It inch dead zone, the micro switches
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FIGURE 4.11 MICRO SWITCH AND CAM MOUNTING

FIGURE 4.12 POTENTIOMETER MOUNTING
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were adjusted to provide a 3/4 inch hysteresis. A cam arrange-

ment such as this was chosen as it allowed the trailing arm to

swing in a full circle without damaging any components.

The signals from the micro switches were used to

control two relays, which in turn supplied current to the

steering servo motor. The circuit diagram for the on-ofr

controller is shown in figure 4.10. A variable resistor was

inserted in series with the steering motor so that the gain of

the system could be varied. Preliminary field testing indicated

that optimum performance (best stability at high working speeds)

was obtained when the system gain was Ko = 1.5 tt/sec. This

was somewhat less than the value of 2 ft/sec predicted by the

computer simulation.

4.6 Proportional Steering Controller

For the proportional controller, the speed of rotation

of the steering wheel was proportional to the error, the hori-

zontal distance point A was from the furrow. Or, more speci
dQ

fically, dr= K~. In order to achieve this action a sub control

system of the closed loop type was used. The input signal to

the controller was supplied by a potentiometer mounted on the

trailing arm swivel so as to give a measure of the angle p (see

figure 4.12). Feedback was provided by a tach-generator mounted

on the steering motor so as to give a measure of the steering

motor RPM (see figure 4.9).

A block diagram of the steering controller is shown

in figure 4.13. The push pull switch was a transistorized

relay that would apply full voltage to the steering motor in
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either direction, or turn the motor off. The circuit diagram

of the transistorized rela.y is shown in figure 4.15, and its

operation is described in Appendix A.

During operation, the controller* would apply full

voltage to the steering motor until it reached the desired

speed. The motor would then be turned off and allowed to coast

until it fell below the desired speed, when it would be turned

on again. Hence, the desired speed would be maintained by

switching the motor on and off several times per second. This

on-off type of control was chosen for the following reasons:

1) Low power output transistors could be used as they

would be either in the fully on or fully off state.

2) Full power would be applied to the motor to rapidly

accelerate it to the desired spe~d.

3) Full power would be applied in the reverse direction

to decelerate the steering motor.

4) The speed of a wound field motor such as the one

used cannot be effectively controlled by varying the voltage

applied to the motor.

The summation and gain adjustments were performed by

an operational amplifier circuit as shown in figure 4.14. A

variable resistor in the input (~) allowed the overall gain

of the steering controller to be adjusted. A low pass filter

in the feedback loop from the tach-gen~rator was used to

remove brush-commutator noise from the feedback signal. Pre-

* Strictly speaking, this steering controller is a nonlinear system.
However, because of the feedback present, the input-output rela
tionship between ,s and dQ/dt is essentially proportional (propor
tional within relatively small bounds). Hence, this controller
is referred to as a proportional controller.



A......

Q3 =Q7 = 2N3055

R7 = 8.2 K

Q, = Q5 =2 N1307

Q4 = 2NI306

Q2 =Q6 =2N2219

o I =HDI840

R I =R 2 = 3.3 K

R 3 =0.68K

R 4 =1K

R 5 = 1.8 K

Rs =33

R 8 = 10 K

R 9 =22 K

F, = F 2 = Load

Q7

02

R
S

+12

R 2
I

R 1

FIGURE 4.15 CIRCUIT DIAGRAM OF' TRANSISTORIZED RELAY (FROM REFERENC'ES 5 and 8)



- 42 -

liminary field testing indicated that optimum performance was
,

obtained when the system gain was set at K = 1.7 rad/sec.p

As with the on-off controller, the optimum gain setting for

field operation was slightly less than the value (2 rad/sec)

predicted by the computer simulation.

As explained in Appendix A, the transistorized relay

+had a fixed dead zone of - 0.6 volts. This resulted in a

small dead zone of ! t inch measured at the furrow follower.

This small dead zone did not significantly affect the propor-

tionality of the system, and was useful in preventing the

system from reacting t~ small lumps and unevenness in the

furrow.
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5. FIELD TESTING

5.1 Objective

The objective of the field testing program was

four-fold:
~

1) To determine whether the guidance system that had been
-T

designed and constructed would be workable under actual field

conditions.

2) To determine the capabilities of the system in following

a straight furrow.

3) To determine the capabilities of the system in follow

ing the furrow around corners.

4) To make general observations about the performance of

the system under field conditions.

Testing the guidance system along straight paths and

around corners was considered more practical than conventional

step response and frequency response tests; thus no direct

comparison with computer simulation results would be possible.

Accurate sinusoidal paths would be difficult to produce in the

field, and step lateral displacements of the gUide furrow

simply would not occur in field operation. Studying the per

formance of the system along both straight and curved paths

would give a good indication of the expected performance along

any path shape.

5.2 Straight Path Tests

As mentioned previously, field testing was conducted

with a Massey Ferguson model 165 tractor pulling a ten foot

deep-tillage cultivator. The tests were conducted in a rec-
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TABLE 5. 1

straight Path Results, On-Off System

Gear Speed, Max. Front Wheel CommentsCombination* MPH Tracking Error

L, 2, L 1.9 It'' Followed well,
stable limit cycle.

L, 2, H 2.5 It'' ft

L, 3, L 3.5 2" "
L, 3, H 4.5 3ft Barely followed,

marginally stable.

H, 1 , L 5.0 Unstable

TABLE 5.2

Straight Path Results, Proportional System

Gear Speed, Max. Front Wheel CommentsCombination* MPH Tracking Error

L, 2, L 1.9 1ft Good stability,
no oscillation.

L, 2, H 2.5 1" "
L, 3, L 3.5 It'' "
L, 3, H 4.5 2" "
H, 1 , L 5.0 3t" Slight os.cillation

H, 1 , H 6.4 5" Marginally stable,
oscillations.

H, 2, L Unstable

* Gear combination given as: range, gear, multipower.
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-----~--------

FIGURE 5.1 OVERALL VIEW OF TEST SYSTEM

FIGURE 5.2 TYPICAL RESPONSE TO A STRAIGHT FURROW
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The maximum front wheel tracking error shown in the

tables was the maximum distance the front wheel deviated from

being in the center of the furrow for the entire 200 yard run.

As expected, this tracking error increased with increasing speed.

Comparison of the two tables indicates that the pro

portional system had slightly less tracking error for the same

speed. However, the most significant advantage of the propor

tional system was that it showed considerably better stability,

remaining stable for speeds up to 6.4 mph compared to 4.5 mph

for the on-off system.

Typical response to a straight furrow is shown in

figure 5.2 (cultivator raised to show tire marks). Figure 5.3

shows a front view of the tractor while following a straight

furrow. Note how the trailing arm swivel, furrow follower, and

right front wheel are all in line.

5.3 Cornering Tests

The cornering tests were conducted with the same

tractor-implement system as was used for the straight path tests.

The guide furrow for each cornering teet was made manually, and

consisted of a straight section followed by a 900 corner of a

certain radiUS, followed by another straight section. For each

gear combination of the tractor the gUidance system was allowed

to follow several corners of different radii, until the minimum

radius the system could successfully follow at that particular

speed was determined. Both the on-off system and the proportional

system were tested in this way.
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FIGURE 5.3 TRACTOR FOLLOWING A STRAIGHT FURROW

FIGURE 5.4 TRACTOR NEGOTIATING A CORNER
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For the larger radius turns, the tests were conducted

with the cultivator lowered into the ground. For smaller radius

turns (less than 20 ft.) the cUltivator was raised as otherwise

the draft caused lateral slippage of the front wheels which pre

vented the tractor from negotiating these sharper turns.

Figure 5.4 shows the tractor following the furrow

around a corner. The results of the cornering tests are shown

graphically in figure 5.5. Each point on the graph represents

the results of several tests and shows the minimum radius turn

the system was able to follow at a particular speed. Results

for both the on-off system and the proportional system are shown

for comparison. It can be seen from the figure that, for the

same forward speed, the proportional system was capable of

following a considerably sharper turn. The difference between

the two systems becomes much more significant at higher speeds.

No significant difference was found in the system's

ability to follow either left or right hand turns. Also, the

test results tended to be very consistent (i.e. If the system

could follow a certain radius turn at a certain speed, it would

always follow it, or, if it missed it, it would always miss it).

One problem that became apparent during the cornering

tests was that the cultivator would "cut the corners" and hence

possibly miss a small strip. The amount that the cultivator

tended to "cut the corners" was measured and is shown graphically

in figure 5.6. As can be seen, this problem becomes more serious

with smaller radius turns. Therefore, sharp corners should be

avoided if at all possible. For example, if a farmer wished
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to operate this system with on.e foot of overlap, he would have

to set up the field pattern so that no turns of less than 25 ft

radius would oceup,. or'small strips would be missed on the corners.

5.4 General Observations

The feasibility olusing this system as part of a

fully automatic guidance system was studied by using the propor

tional guidance system for perimeter operation in a rectangular

shaped field. The first pass around the outside of the field

was made manually, with corner radii of approximately 50 feet.

Each subsequent round was made automatically with no assistance

from the operator. As the corners tended to become sharper as

the system worked its way into the center of the field, the

operator was eventually reqUired to ~ke over control and work

the center portion of the field manually. In this way, it was

possible to work up to 75% of the field in the automatic mode.

other general observations that were made during the

test program are as follows:

1) The furrow following device performed very well. It

owas capable of staying in the furrow for values of ¢ up to 25 •

Lumps and irregUlarities in the furrow presented no problem to

it. For values of ~ less than 150 it would be very unlikely

that the furrow follower would jump out of the furrow.

2) On rough ground the supporting arm~nded to bounce

around somewhat, suggesting that it lacked the necessary

rigidity.



- 53 -

3) In all cases, losing the furrow seemed to be a result

of the delay in the steering system. This agrees with what was

suggested by the computer simulation.

4) For manual operation is was only necessary to switch

$' off the steering controller power. The steering wheel could be

easily turned against the resistance of the servo motor, and

the apparatus in front of the tractor presented no problem

during manual operation.

5) The guide furrow from the previous pass was filled in

qUite well so that the system did a reasonably good job or

cultivating the field.
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6. CONCLUSIONS

A review of l~terature related to "automatic gUidance

of farm tractors" revealed that the marker-follower method of

tractor guidance was worthy of further investigation. A new

and different marker-follower system, employing a furrow marker,

was proposed. A preliminary computer simulation indicated

that the proposed system had the potential of being a workable

guidance system, and provided useful information about various

system parameters. The proposed system was then constructed

and field tested. Field tests showed that the system was

indeed workable, with the system having good following capabil

ities on both straight and curved paths.

From this investigation the author has drawn the

following conclusions:

1) The marker-follower method of tractor gUidance, employ

ing a furrow marker, appears to be well Buited to large Western

Canadian farms.

2) The guidance system developed during this project is

workable under actual field CUltivating conditions.

3) The proportional mode of steering control is superior

to the on-off mode of control in that it provides better

stability, thus allowing higher tractor speeds.

4) With the proportional steering control, the system has

good stability at speeds up to 6 miles per hour on straight

paths, and is capable of following a 15 foot radius turn at

2.5 miles per hour.
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5) The guidance system developed would be useful as a

"driver aid"t or could be used as an integral part of a fUlly

automatic system.

6) The system developed is relatively simple and could

be manufactured and sold to the farmer for a reasonable price.

(Component cost was approximately $100 for the on-off system,

and $150 for the proportional system.)
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7. RECOMMENDATIONS FOR FURTHER WORK

1) An improved steering drive should be developed to

provide more rapid response, possibly utilizing an electro

hydraulic valve to directly control oil flow to the power

steering cylinder. Both the on-off and the proportional systems

should be tested with a rapidly responding steering drive, as

the performance of both systems would likely be very much

improved.

2) An improved supporting arm and steering linkage

arrangement should be developed tomoid bounding and oscilla

tion when travelling over rough ground.

3) To allow the guidance system to operate in the fully

automatic mode, the following improvements should be made:

a. Safety devices should be built into the guidance

system to ~rn off the tractor in the event that the

furrow is lost or some other problem arises.

b. Some method should be developed to prevent the

corners from becoming sharper after several rounds have

been made during perimeter operation.

c. A system should be developed to turn the tractor

around at the headlands so that a switchback pattern

could be used.
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APPENDIX A

Operation of the Transistorized Relay

The transistorized relay shown in figure 4.15 is similar

to the relays used by Grovum8 and Gillispie5 to drive the steer-

ing motor. Operation of the relay is as follows.

When ei = 0, all transistors are reverse biased and

are thus in the off state. The diodes D1 and resistors R2

result in the emitter junctions of Q1 and Q
4

being biased by

O.3V (The forward voltage drop of the diodes), independent of

emitter current. The transistors Q1 or Q
4

will thus not begin

to conduct until e reaches - 0.3V or + 0.3V respectively.s

Since the base emitter forward drop is also approximately 0.3V,

the effective dead zone is ! 0.6v.

As ei becomes more negative than - 0.6V, Q1 will begin

to conduct, reSUlting in Q2 also becoming forward biased and

conducting. The emitter current of Q2 supplies the base current

of Q3' the power transistor, which has a collector current

capacity of 15 amps. The diodes D2 protect the power transistor

from back emf. and transients. The capacitors filter commutator

noise.

When 8 i becomes more positive than + 0.6v a similar

action to that described above takes place in the lower portion

of the cirCUit, with Q4 acting as an inverter.

The power transistors were mounted in heat sinks

which enabled them to carry the stalled motor current indefinitely.
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