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SUMMARY

This thesis describes the design, construction, and evaluation
of a closed loop microprocessor based control system for a
tractor mounted type PA6 agricultural digger as manufactured by
F.W. McConnel, Ltd., Ludlow. After a description and analysis
of the principal operations for which the digger is used a set of
functional objectives is defined. As agricultural diggers are
used intermittently and mainly for annual maintenance it was
decided to develop a system to reduce the level of skill to be

maintained or acquired to use the machine efficiently and

effectively.

To reduce the degree of coordination required of the operator
the microprocessor system was designed to make straight cuts at
any specified pitch by the deflection of a single control lever.
To facilitate repetitive difficult cuts a learn and repeat facility

was included to repeat a learned path from any given starting

point.

To minimise the cost of the system single stage proportional
electrohydraulic valves were used and were evaluated in a simple
proportional controller built to operate in a fashion similar to the
conventional mechanical control system. Having demonstrated
that satisfactory manual control may be achieved using these
valves the microprocessor system was built, based on an Intel

8085 with an AMD 9511 Arithmetic Processor Unit.

For closed loop control mechanically robust and water



resistant transducers were designed to mount on the machine
pivots and measure arm positions. The valves were interfaced to
the computer by an eight bit pulse width modulator circuit and
an eight bit multiplexed analogue to digital converter was used
to input transducer signals and control inputs from the portable
control unit. The -computer is based on an Intel SDK-85

development kit and power for the system is derived from the

tractor battery.

The system software was written in assembly language for
speed of execution and stored in EPROM. The program reads
the control inputs and machine outputs, inverts the machine
geometry to calculate the required output positions and assigns
the wvalve settings according to the positional errors. The

sampling and execution frequency of the control software is

30 Hz.

Evaluation trials were carried out with both skilled and novice
users. The principal results were that the system assisted with
levelling and trench cutting, but overall did not provide any
significant consistent increases in work rate for either group of
users. Finally, further areas for research are discussed, with

reference to both diggers and electrohydraulic hedge cutters.
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CHAPTER ONE

INTRODUCTION

Microprocessors in Agriculture
Record Keeping

Modelling

Instrumentation

Control of Machinery & Equipment



1.1 Microprocessors in Agriculture

Over the past few years microprocessors have been used in
an increasing number of applications in agriculture to help make
optimal use of the resources of energy, materials, money, and
manpower. The first area in which they were applied is that of
record keeping; subsequently they have been used in modelling,
instrumentation, and the control of farm equipment and field
machinery. The subject of this work is the application of
microprocessors to the control of a tractor mounted hydraulic
digger. It is useful, however, to start by putting the work in
context and examining how the potential of microcomputers has

so far been exploited by the agricultural industry, and what the

future developments are likely to be.

1.2 Record Keeping

In 1982 it was estimated that about four hundred
microcomputers were being used in farm offices is the UK for
accounting, handling payroils, livestock ration formulation and
performance monitdringl. This number will have greatly
increased with decreasing system cost and availability. One
particular area for which a number of systems havg been

developed is that of dairy herd monitoring. In discussing this

application Speicher2 states

"The ultimate goal is for the computerised data acquisition
system to be fully informed on the production, nutrition,
reproduction, health, and economic status of all animals at

all times and to notify the manager of any appropriate

action to be taken."
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In some installations this goal is effectively attained, and in
addition the monitoring system is used in conjunction with
automatic feeding machinery. The data acquisition is automated
by the use of cow identifiers, either implanted or worn around
the neck, which allow detectors at the milking parlour and

feeding points to recognise individual animalss.

The US Department of Agriculture (USDA) is developing a
minicomputer system for maintaining record of feed consumption,
milk production, temperature, and condition on individual animals
to improve the performance of the livestock producer4. The
computer system facilitates the management of larger herds and
enables changes in performance and health problems to be more
easily detected by giving data on both the herd and individual
animals. It will be a short time before such systems are
implemented on microcomputers and come into more widespread
use. In a scheme run in Scotland a number of farms use
microcomputers to monitor health and, by linking individual
micros to a mainframe, large scale statistical studies may be

carried out for disease control and studies on optimum herd

management strategies5 .

Another area where microcomputers are used for record
keeping is that of plant breeding where conventionally card
index systems are used. The USDA have produced a program to
be run on a desk microcomputer for use by plant breeders and
horticulturalists for maintaining records on plant pedigreess.
The program stores, searches, lists, corrects, appends, and

duplicates plant pedigree records using magnetic tape for

backing store.

11
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1.3 Modelling

A number of programs have been developed for modelling and
evaluation of the efficacy of different farming. strategies. With
for example arable farming, given data on the cropping history
of the fields involved, soil analysis, and fertiliser input, the
gross profit margin and cash flow for different crops may be
calculated. The Ministry of Agriculture, in conjunction with
the National Institute for Agricultural Engineering have
developed a program for glass house crops and field vegetables
where soil analysis data is used to provide information on the
fertiliser requirements of each crop. Work has also been done
on the optimisation of grassland usage. A number of detailed
modelling programs have been written to run on mainframes, not
directly accessible to the farmer7. With the low cost and
versatility of desk top machines such programs should become

increasingly available for use on microcomputers.

1.4 Instrumentation

Certain diseases affecting fruit and vegetables may be
accurately predicted, and preventive action taken, by close
monitoring of such environmental factors as temperature and
humidity. Microcomputer systems may be used to continuously
monitor these variables and alert the grower when dangerous
conditions arise. One such system is being developed for the
prediction of apple scab fungus which affects orchards; the
processor monitors temperature, leaf wetness, and relative
humidity in the orchard, checking for dangerous conditions8

The system gives on the spot warning as well as keeping record

of the variables monitored for later reference.



Another system for predicting potato blight (the fungus
Phytophthora infestans) is now commercially available and collects
data every ten minutes on temperature, relative humidity, and
rainfallg. When "blight weather" is detected a display indicates

that preventive spraying is required.

An ingenious system has been made for the weighing of
poultry whereby a perch is fitted with a load cell and linked to
a microcomputerw. The mean flock weight is thus monitored as
random birds alight on the perch. This saves time otherwise
spent weighing manually, enables future weight prediction to be
made, allows feed conversion measurement, avoids stress to the
birds, and facilitates diet control to maximise the number of

fertile eggs for breeding flocks.

An automatic system for weighing the different defect
categories of fruits and vegetables has been made to facilitate
grading operationsll. The micro controls the weighing of the
contents of each mhpartment of a mechanical grading table and
records the data for the batch on a grade certificate.
Microcomputer technology is also used for measuring grain
moisturem, which must be carefully monitored when drying and
storing grain, and the quantity of grain harvested on a combine
harvester13. On the combine harvester it is grain volume that
is measured and the system must be first calibrated with the

appropriate mass/volume setting. Acreage harvested, average

yield, work rate, ground speed, and running yield are also

measured and displayed.

13



1.5 Control of Machinery and Equipment

A major growth area in computerised farming equipment is
that of automated animal feeding systems. As early as 1976 a
microprocessor based system was developed for cattle recognition
and feeding as well as for recording milk production3. It is also
possible to mix rations automatically to suit individual animals.
A pig feeding system described by Fuller14 weighs and mixes
skim milk and meal and pumps a controlled amount to each pen.
Feed can be programmed to be given several times a day using
up to four solid and two liquid feed ingredients. In principle
each animal may be identified, weighed at the feeding point,
have high and low density feeds mixed, and be fed in relation to
cost and appetite. The ventilation and heating may also be kept
under computer control and an adaptive model used to increase

feeding when temperature dropsls.

In the Netherlands micros are uséd extensively for
greenhouse climate control and sophisticated adaptive control
schemes are employed using on-line identiﬁcationls. Potato
sorting has been automated using a microcomputer and a TV

17

camera to sort the potatoes according to size”'. Systems also

exist for the control and monitoring of the drying and storage

conditions of grain18 .

In the area of field machinery the use of microprocessor for
control and monitoring functions is now well established. On
combine harvesters the grain loss varies with the harvesting
speed. As the machine is driven faster the grain loss increases,

however to reduce the loss almost to nil the speed is

14



prohibitively low so a compromise must be found. On a
commercially available system produced by RDS Farm Electronics
Ltd. an acceptable level of grain loss is selected and the grain
loss monitor is used to control the forward speed of the machine,
using another sensor at the front to give advance information

about cropping levelslg.

When spraying crops the amount of chemical applied per unit
area must be very closely controlled; if too little is applied the
spraying may be ineffective and the cost of the chemicals
wasted, if too much is applied the crop may be damaged. On
the sprayer produced by RDS the operator keys in data on the
number of nozzles in use, target speed, flow rate, pressure
limits, etc. and by measuring forward speed and nozzle pressure
the flow is closely controlled. The system compensates for the
square law relation between speed and pressure. The unit
displays speed, application rate, pressure, area, trip area as
well as the preprogrammed target values. Also, commercially
available from Evrard, is a microcomputer based spray system

using sonic sensors to measure boom height and keep it constant
20

by controlling the tractor hydraulics

A tractor safety system has been developed using a
microprocessor to sense p.t.o. engagement, throttle setting,
brakes, hydraulics, operator's seat and brake. If, for example
the driver leaves his seat with the p.t.o. engaged it will
automatically be stopped. The equipment may also be connected

up to equipment such as harvesters drawn by the tractor21.

15



These examples show that the use of microprocessors is well
established in the agricultural industry and that there is a
growing number of applications both in the farm office and in
the harsher environment of equipment and field machinery. In
view of the rapid growth in the use of these devices in
agriculture generally, and their low cost and flexibility, it was

decided to investigate their applicability to tractor mounted

diggers.

Considerable skill is required to operate these machines
efficiently and effectively and a computer assisted control system
presents the possibility of facilitating their use. The availability
of proportional solenoid valves makes it possible to interface a
computer to the machine without the high cost of two stage servo
valves. The scope of this work is the development and
evaluation, both functional and economic, of a computer based
‘control system for a tractor mounted hydraulic digger. To the

knowledge of the author there is not any other computer assisted

digger in operation.

16



CHAPTER TWO
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Machine Usage
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2.1 Description of Conventional! Machine

The machine used in this study was a "Power Arm 6" tractor
mounted digger manufactured by F.W. McConnel Ltd., Ludlow.
A side view of the machine is shown in Fig. 2-1; the main
features are two arms and a bucket pivoted as shown and the
machine may also slew about a vertical axis. The movement
about each of the pivots is effected by double-acting hydraulic
rams, shown shaded; for slewing there are two rams, one on

each side of the machine,

Tractor cal  control Levers

/r//////////
Draught Gink
Fig. 2-1: Side View of Machine
Dimensions and masses of the arms and the bucket are as

follows:

Main Arm: Pivot to pivot length 2.28 m

Mass 68 kg
Dipper Arm: Pivot to pivot length 1.57 m

Mass 53 kg

Bucket: Pivot to blade length 0.4 m

Mass 60 kg



The operator's seat is situated on the slewing column on the
machine and he operates the proportional valves by levers on the
valve block. The layout of the control joysticks is shown in
Fig. 2-2: the Lift or Main Arm moves Up and Down, the Reach
or Dipper Arm moves In and Out. The Open and Close
functions operate the Bucket, and Right and Left the Slew.
Alternatively he may sit in the tractor cab with mechanical cables
linking the control levers to the valve block. The digger is
primarily intended for use as a farm maintenance tool and is
attached to the three point linkage of an agricultural tractor and

powered by the tractor engine.

Ous Right Bown Open
Y N4

t; ‘In dlox’ *“f

Fig. 2-2: Layout of Joystick Control Functions

Three links attach the digger to the tractor: two draught
links and an adjustable top link. Associated with each draught
link is an additional 'Instant Weight Transfer' (IWT) ram which,
when activated by the operator, exerts a lifting force against
the tractor via the draught links and presses the feet of the
machine onto the ground and increasing the machine's rigidity.

The slewing axis may be set vertically by adjusting the top link

19
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and the feet at the side of the machine; on later models the top

link is hydraulically adjustable as is the sideways tilt.

The power for the machine is derived from the tractor Power

Take Off (PTO) shaft, which through a gearbox drives a

.Sjtoof

vafm
MmI[¢
m] {1 i ©°
e P e
sft m
H
LT ==
rtarn

Slew

Fig. 2-3: Hydraulic Circuit



constant displacement pump. The basic hydraulic circuit is
shown in Fig. 2—322. The PTO shaft is set to rotate at
approximately 540 rev/min which gives a pump flow rate of 0.25
l/s (4 g.p.m.). The safety valve connects the pump output
back to the tank and opens in the event of a blockage in the
output line. The relief valve is set to 1.7 x 107 Pa (2500
p.s.i.) and limits the supply pressure to the system. When
none of the services (Slew, Lift, Reach, or Bucket) is selected,

the spool valves are in the position shown and the output from

the pump is fed straight back to the tank.

When any of the services is selected the tank return line is
closed and oil passes through the check valve to one port of the
corresponding ram. The other port of the ram is simultaneously
connected to the tank via a one-way restrictor which restricts oil
flow from the ram to prevent cavitation. The check valves
between the pump and the spool valve prevent any back flow
from the ram if the supply pressure should be reduced because
of high demand from more than one service or if a high load is

applied. The IWT is not shown in this diagram.

In normal operation the supply pressure is lower than the
relief valve pressure and there is hydraulic interaction between
the services. As more than one service is selected the supply

flow will divide depending on the valve opening, restrictors and

load forces on the rams.

21



2.2 Machine Usage

The digger is a versatile machine and for different operations
a range of buckets and implements may be fitted in place of the
bucket shown above. These include auto-eject trenching
buckets, wide and narrow digging and ditch cleaning buckets, a
grab, and pick tine. Also the machine configuration (i.e. pivot

positions) may be changed to suit the task in hand.

/”’J b. Ditcring

‘. ﬁﬂvfﬁfg

) \
/777777777

d. Trnching e. Loading

Fig. 2-4: Principal Operations

The principal operations for which the digger is used are
digging, ditching, trenching, levelling, and loading (see Fig.
2-4). However considerable practice is required to do work
accurately and rapidly. There are five main aspects to the skill

developed by an operator over a period of time:



1. Relating the control joystick axes
to the corresponding rams.

2. Combining ram movements and valve
settings to give the desired bucket
blade movement given the mechanical
and hydraulic interaction between the
services.

3. Judging the inclination of planes to be
cut.

4. Positioning the arms and bucket to
bring maximum cutting force to bear
against an obstruction.

5. Judging the behaviour of the material

being handled

When an operator has acquired a "feel" for the machine and
the task, these five aspects of the skill are developed and there
is no need for him to stop and think to operate the machine once
the task is defined. Whereas for an inexperienced operator
considerable mental effort is required, and pauses and errors
are made. The main users of the machines tend to be farmers
who do not run the machines all the year round but only
intermittently for maintenance tasks. Therefore they do not
develop and maintain the level of proficiency of, for example, a
full time operator employed on a larger machine. Let us now

look in more detail at the tasks for which the machine is used.

For digging it is often required to cut holes with flat bottoms

or sides and in rough, uneven ground it is not always easy to

23
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judge vertical and horizontal planes by eye. Having filled the
bucket in making a cut, care must be taken not to allow material
to tip from the bucket by closing or opening it too far in moving

it to the point where the spoil is to be dumped.

In ditching there are two cases to be considered: the cutting
of new ditches and the cleaning out of existing ones. For new
ditches it is desirable to keep the sides straight and smooth and
to maintain a constant profile along the length of the ditch,
moving the tractor along from one cut to the next. For clearing

existing ditches the process is more one of piecemeal attention to

local obstructions.

Trenching involves the cutting of a channel in line with the
direction of travel of the tractor and at a constant pitch. This

tends to be a very repetitive process and care must be taken to

maintain a constant slope on the trench bottom.

The levelling of ground is effected in two stages: firstly
using the bucket blade to shift peaks of ground into troughs,
then a smoothing process using the bottom of the bucket to
flatten the ground. For the inexperienced operator there are
two main difficulties: the very precise combined control of the
valves to obtain linear bucket movement and the judging of the

location of the level plane to be achieved.

When loading the operator is often picking up material from
level ground and the need then arises to move the blade in the

plane of the floor. Having filled the bucket, it is necessary to
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adjust the bucket angle as the machine moves so that material

does not spill out through its being too far open or closed.

2.3 Potential Functions, Advantages & Limitations of Computer

Control

The first question which must be asked is whether the
operator could be replaced by a computer controlled system.
There are strong technical, economic, and social arguments
against trying to do so. The control system would have to have
a visual sensing system and very sophisticated intelligent
software to interpret and execute instructions for anything other
than a repetitive task without obstructions or irregularities to
accommodate. In addition an interface to the tractor would be
required adding to the cost and introducing considerable safety
problems. It is socially undesirable to increase unemployment,

particularly if there are no economic benefits in automation.

Potential gains in learning time, accuracy, and speed of
completion many tasks may be made if the process of combining
control functions in order to effect linear movements of the
bucket blade is automated. In addition similar gains may be
made in automatic compensation for the hydraulic and mechanical
coupling of the arms tending to deflect the blade of the bucket
from the intended path. So rather than have control lever axis
correspond to particular ram speeds they correspond to
particular directions of bucket blade travel. For cutting the
sides of ditches, sloping ground, and the bottoms of trenches a
calibrated control of the inclination or pitch of bucket blade
movement is desirable. The blade may then be set to cut at any

desired angle relative to the machine.



For repetitive tasks, e.g. trenching, an automated digging
cycle would allow the operator to concentrate on driving the
tractor once the cutting cycle had been "taught" to the machine
manually. The mechanical constraints of the machine are
unaffected by the control system, for example the maximum
cutting force i.e. the load which will stall the machine. In
automated digging cycles the machine is wunable to correct
automatically for the problem of earth falling back into the cut

ditch, or to respond to the particular form of obstructions

encountered.

2.4 Objectives and Functional Specification

With  the  availability of cheap microprocessors and
electrohydraulic valves the general objective of the study was
defined to develop and evaluate a microprocessor-based digger

controller to assist the operator with many of the difficulties

mentioned above.

From the discussion of machine usage the main areas which

emerge where computer assisted control may be of value are:

1. Simultaneously controlling ram speeds to
produce linear bucket movement.
2. Accurately gauging the pitch of sloping

cuts,
3. Automatic repetition of taught cutting

profiles.

A general advantage of electronic controls is that they enable

26



the operator to work the machine remotely as the control panel
need only be connected to the machine by an electric cable.
Thus an electronic unit is easier to install in the cab than
conventional cable controls and may be used off the machine for
better visibility and comfort provided appropriate safety
precautions are taken. Control lever loads may also be
considerably reduced from those required on a cable operated

system or a system with levers mounted on the valve block,

making the machine easier to operate.

The objectives then are:

1. To develop and evaluate a control system
to provide these functions using the lowest
level of technology suitable for the task to
minimise cost.

2. To evaluate the functional benefits to
experienced and inexperienced operators
in terms of learning time reduction
and work throughput.

3. To determine the economic viability of the

system as a product.

The specification for the system is td achieve linear bucket
blade movement by using the computer to create lift and reach
functions which move the bucket blade in nominally horizontal
and vertical, H and V, directions. The conventional machine
gives to operator control of a, B, and y (see Fig. 2-5(a))

whereas the computer system gives control of x, y, and 6. The

27
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slew control is the same on both systems. The bucket angle is
kept constant relative to these axes as the blade moves. To cut
slopes at defined pitches one may rotate the axes in Fig. 2-5(b)
through a pitch angle variable from +45° to =-45° using a
calibrated dial on the control panel.

5 v
X Conventional controk ﬁ Computer control

B

Ly (»)

Fig. 2-5: (a) Conventional and (b) Computer Control
Coordinates

For the automation of repetitive tasks it was decided to
implement a learn and repeat facility operating in such a way
that in Learn Mode the movements of the bucket blade from its
initial position are recorded. When one of the repeat modes,
Repeat Fast or Repeat Slow, is selected the stored path is
executed from the new starting point (see Fig. 2-6).

y y
A Learn ‘Mg_f_

Er e on
P1

s v 2

Fig, 2-6: Learn and Repeat Operations



2.5 Design Constraints

From a commercial viewpoint, manufacturing and components
costs are major factors in considering the viability of a product.
In order that the cost of any commercially produced electronic
control system be minimised it is important that mechanical
changes to the machine be kept as few and as minor as possible:
the control system should be an optional fitting to an otherwise
standard machine. It was decided to design the system keeping
the cost of components to a minimum with the limits of the
functional specification and the other design constraints with the
overall view of having a working system which, with very little
development or experimental work, could be put into production.
Where possible in the design, standard, readily available parts

should be used to minimise cost and availability problems in

manufacture.

Typical agricultural working environments for electronic
equipment are extremely harsh, and that of field machinery is
the most demanding. As the system operates outside, protection
must be given against water and damp to all parts of the system
not mounted in the tractor cab. The entire machine is subject
to continuous vibration from the tractor engine and the pump
while the machine is in operation and there are additional shocks
to the machine from the bucket when digging which must not

affect the system operation.

All  transducers must be  weatherproof, damp-proof,

unaffected by the vibration, protected from damage if they are
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immersed as happens when cleaning ditches, and must be
sufficiently mechanically robust to withstand contact with earth,
stones, branches, and any other material encountered as the
digger is used. The machine must be able to withstand wide
range of operating temperature as the diggers may be used in all
climates. The system must function in the range -10°C to
+35°C. The sealing and corrosion-proofing of the controller and
transducers must be such that when the machine is stored for
long periods no deterioration or corrosion occurs: it must work

first time when switched on.

The power for the system is derived from the 12 V tractor
supply and must be immune to drift in the supply voltage of *2
V according to the state of the battery. Spikes on the supply
line from inductive loads must be filtered out and’ the system
protected against the "load dump" phenomenon when the battery
is accidentally disconnected from the alternator and a high
current surge is applied to the 12 V line. The circuit must be
able to withstand indefinite reverse polarity connection of the
supply, have minimum current consumption, and be free from

interference and electromagnetic noise.

The diggers are frequently attached to and detached from the
tractor and the control system must be built to withstand rough
handling and have reliable connectors. The control system must
also be easy to service so that faults can easily be found and
the construction such that system modules can be replaced when
faulty by the operator. This necessitates some self-diagnostics

to assist in detecting the faulty module. An important
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ergonomic consideration is that the layout of the controls must
be such as not to create difficulties for an operator already
familiar with the conventional mechanical control system. This is
achieved by having the x, y, bucket, and slew axes on the
joysticks correspond to the reach, lift, bucket, and slew axes of
the conventional machine.

As the system is experimental, the facility must be provided
for altering the control software as well as having the facility
for altering control parameters in the field without having to
reprogram EPROM's for example. A production machine must be
able to accommodate changes in the machine geometry arising
from the use of different pivot positions, digging implements and
rams. Also it should not be difficult to modify the system to

accommodate future design changes in the mechanics of the

digger.

As well as providing proportional control of the bucket blade
cutting speed, the maximum speed available should correspond to
zero relief valve oil flow so that machine power is not wasted.
The dynamic characteristics of the machine should not be

critically dependent upon the PTO speed which may not be well

regulated by the tractor.

2.6 Method of Approach

As a first stage in the development of the microprocessor
system it was decided to first construct a simple electric
proportional control circuit functionally similar to the
conventional mechanical control system. The construction of an

electronic control unit for the machine involves the selection of
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appropriate valves and a hydraulic circuit which can then be
used as the basis of the microprocessor system interface. It was
also considered to be of potential value by F.W. McConnel, Ltd.
as such a system has advantages of reduced lever loads, ease of
installation, and electronic simplicity. This preliminary system is

the subject of the next chapter.
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3.1 Introduction

The function of the manual or open loop controller is
essentially to simulate conventional mechanical cable controls for
the digger, but using electrohydraulic valves, giving a valve
spool deflection and hence speed of arm movement varying with
control joystick deflection. This forms a valuable basis for the
microprocessor system as, having selected appropriate valves and
developed a satisfactory hydraulic circuit for manual control, the
valves may then be interfaced to the microprocessor in
conjunction with appropriate feedback transducers to obtain the

desired control functions described in Chapter Two.

3.2 Selection of Electrohydraulic Valves

There have recently been a number of developments in low
cost electrohydraulic valves, particularly for use in computer
based control systems. The standard valve to use for
proportional flow control from a computer is a two stage
electrohydraulic valve using a digital to analogue converter to
drive the valve control input. The main spool position is
controlled by a flapper valve, the position of the flapper being
set by the actuating current. These valves are very fast,

having a bandwidth over 100 Hz, and can pass high flow rates
23

but they are also very expensive

The Japanese manufacture digital hydraulic flow control valves
with pressure compensators; the position of the flapper is
controlled by a stepper motor and the main spool follows the
ﬂapper24. The wuse of the stepper motor simplifies the

interfacing of the valve to a computer. Another type of digital
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valve which has been produced has a rotary spool positioned by
a stepper motor. There are also being developed low cost spool
valves with d.c. motor drives but these were not on the market

at the time the work was carried outzs.

The cost of two stage valves suitable for use on the digger,
with a flow rating of 0.3 1/s (4 g.p.m.) and pressure rating of
17 MPa (2500 p.s.i.) is in the order of £200 each. As the basic
machine sells for approximately £3500 is was decided that the
total cost to manufacture the microcomputer control system should

be around £1000 maximum. Two stage valves were thus ruled

out on a cost basis.

Experimentation using bang-bang solenoid operated valves
showed that they are not suitable, as variable speed control is
required and when bang-bang valves are used high acceleration
changes occur in starting and stopping which could only be
overcome by reducing the maximum speed to a prohibitively low
level. The possibility was also explored of pulsing bang-bang
valves on and off with a view to getting proportional control by
varying the mark-space ratio. This did not work however: at
low frequencies the pulsing caused the machine to oscillate and

at high frequencies the valve latched on or off.

In view of the high cost or lack of availability of the types of
valve discussed above it was decided to initially use proportional
solenoid valves as supplied by A & D Fluid Power Ltd. which

cost £50 each. A section throug}i the valve is shown in Fig.

3-126
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The valve comprises a valve block with a sliding spring
centred spool which can be moved either way by a pair of
solenoids. By controlling the mean solenoid current and hence
the solenoid force, the spool position is continuously variable.
In the past this type of valve, which has a bandwidth from 0 to
between 10 and 20Hz, has not been used a great deal. The
reason being that flow reaction forces and stiction effects tend
to give the device high hysteresis and poor repeatability. These
can be overcome by the use of stronger springs and more
powerful solenoids but this increases the power consumption and

heating effects.

An alternative means of improving the valve performance,
employed in the A & D valves, is to drive the solenoids from a
pulse width modulator circuit which pulses the current through
the coils and gives variable spool deflection by varying the
mark-space ratio. The frequency of the pulse train is set to
vibrate the spool about a mean position determined by the
mark-space ratio so as to minimise stiction effects. The
solenoids are rated at a nominal 8 V, 28 W and were run at a
frequency of 50 Hz. Also the spool is machined so as to be

balanced and to minimise flow reaction forces at the orifices.

3.3 Hydraulic Circuit

The hydraulic circuit27 for the digger employing the electric
valves is given in Fig. 3-2. When none of the services is
selected, the cut-off valve is open allowing oil from the pump to
flow straight back to the tank. When any of the services is

selected the cut-off valve is closed, the supply pressure rises
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and fluid flows through the valve from the supply line and
through the two check valves to one port of the selected ram.
Simultaneously the output from the ram flows through the
corresponding restrictor and the pilot operated check valve

which is unseated by the supply pressure.

The valve metering occurs on the oil inlet side to the ram,
i.e. the valve spool is of the "meter in" type. The bucket is
operated using a bang-bang valve in conjunction with the one
way restrictor which restricts flow into the gland end of the ram
as the required maximum speed of bucket movement is relatively
slow. The use of the bang-bang valve instead of a proportional
valve introduces a cost saving and simplifies the control
circuitry. On the lift service the one way relief valve which has
an adjustable pressure setting, is connected to the base end of
the ram to prevent cavitation as the arm moves down assisted by
the strong gravitational force acting upon it. Without this relief
valve, at low flows from the control valve, the arm was found to
move down in a series of jerks as the pilot operated check valve

between the base end of the ram and the return line opened and

shut.

3.4 Control Circuit

A simplified schematic for the electronic circuit, just showing
the control of the lift service and the cut-off is given in Fig.
3-3. The control voltage from the joystick potentiometer is
subtracted from the output from the triangle wave oscillator by
the summing amplifier. The output from the summing amplifier is

fed to a pair of comparators, with threshold voltages VTl and
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current through the corresponding solenoid valve varies
accordingly. When a solenoid is activated, this is sensed by the
cut-off circuit which activates the cut-off solenoid closing the
cut-off valve which is of the bang-bang type. The circuit
operation is shown in Fig. 3-4; this shows the waveforms

produced and the resulting solenoid switching for different

joystick deflections.

The full circuit diagram is shown in Fig. 3-5 and the
component values and specifications are given in Table 3-1. The
power source for the circuit is the tractor battery, nominally 12
V, but which may vary between 10 V and 16 V. To provide a
stable supply for the pulse width modulators and switching
circuitry, a semiconductor regulator RGl is used with feedback
resistors R1 and VRl to provide a stable supply (V+) of 8.2 V.,
Capacitors Cl1 and C2 provide smoothing for the regulator.
Resistor R2 and Zener diode Z1 provide a 4.2 V reference for

the triangle wave oscillator.

The oscillator is of relaxation type and comprises operational
amplifier Al, potentiometer VR2, variable resistor VR3 and
capacitor C3. VR2 and VR3 set the amplitude and frequency of
the output waveform, taken from capacitor C3. The output is
not a perfect triangle wave, as the capacitor voltage rises and
falls exponentially, but it is a satisfactory approximation. The
single oscillator circuit is used to drive all three pulse width
modulators for the slew, lift, and reach services. The oscillator

is set to give an output of 0.25 V peak to peak at 50 Hz.
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Cl 100 nF
C2 1 pF Electrolytic
C3 22 yF
C4 20 pF
VR1 5 kQ 10 turn Cermet
VR2 lo k Q " L] n
VR 3 2 k Q " L1} "
VR4-7 Type JS4 joystick
from Flight Link, Dropper resistors for pro-
Alton, Hants. portional valves: 1Q 17 W
VR8-10 10 kQ 10 turn Cermet
RG1 317K regulator
R1 240Q 0.25 W Carbon Al-4 324 Quad op-amp
R2 120Q " " CR1-7 LM319
R3-14 68 kQ " " Ql-8 BDX54C
R15-22 460Q " " Q9 BFX85
R23-30 220Q " " Q10 2N3055
R31 270Q " " Z1 4.3V 1.3 W
R32 220Q " " D1-17 1N4001

Table 3-1: Components for Proportional Control Circuit

The joystick potentiometers VR4 to VR7 are in fact inductive
devices manufactured by Flight Link Controls Ltd., and have an
equivalent circuit of a potentiometer, with a 1.8 kQ resistor in
series with the wiper. The devices have no sliding parts to
wear out, they are linear, noise free, mechanically robust, and
very low priced at £15 for each dual axis unit. The devices
give a 3V output for zero mechanical deflection and 0.8 V swing

(10% of supply) each way.

The three unity gain summing amplifiers using operational
amplifiers A2, A3, and A4 have the oscillator output connected
to their non-inverting input and the slew, lift and reach control
voltages to their respective inverting inputs. The output from
each amplifier is fed to a pair of comparators, which detect when

the control voltage crosses the threshold voltages for opening
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and closing. The threshold voltages are provided by VR10 and
VRY.

Comparators CR1 to CR8 have open collector outputs.
Devices Q1 to Q8 are PNP Darlington pairs, drawn here for
simplicity as single PNP transistors. R15 to R22 limit the base
currents and R23 to R30 ensure that their corresponding
transistors turn off. Diodes D1 to D9 connected across the
solenoid coils suppress the inductive transients occuring when
the current through the coils is turned off. In series with each
of the proportional solenoid coils is a 1Q resistor, between each
coil and ground (not shown) to limit the current through the

coils operating from the 12 V supply.

The cut-off valve V9 requires a continuous current to
activate it as it is operated by a simple bang-bang solenoid.
When any of the valves V1 to V8 is turned on, capacitor C4
charges through the base of Q9 via R31, turning on the
Darlington pair between successive pulses of current through
any of the proportional valves. R32 ensures that Q9 and Q10 do
not conduct due to any leakage currents. Switch S1 is a safety
switch mounted on the control box which prevents activation of

the cut-off solenoid when thrown hence rendering the machine

immobile.

The physical layout of the different sections of the circuit is
shown in Fig. 3-6. The control cable, linking the control box to

the junction box, only carries signal currents and the supply to

the control circuit; the cable is also screened to
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minimise electromagnetic pick-up. The heavy valve current
switching takes place in the junction box to avoid interference
with the control circuitry. The joystick axes and functions are
aligned as on a conventional, mechanically controlled digger so
that a direct comparison of performance could be made by

experienced operators without their having to learn a new

control configuration.

Junction fox
/;/'/t j‘.lt Tower tywnsistors
8 cut = off circmit
Control qu'cks
/ - \\
our HT DOWN orEN i o
I e
LEE IN cLost VP
b Right |
Controk Box \Sa_fdy f“;‘
& Mmain Cireuit witch Do
I
Out
Open
| s€
(«“-?
Valve Block

Fig. 3-6: Constructional Schematic of Proportional Controller

3.5 Performance Evaluation

The proportional manual control system was tested by the

author and two experienced digger operators who performed

machine evaluation trials for F.W. McConnel Ltd. The system

was found to give controllability equivalvent to that of a direct

mechanical link from joystick to spool. Hysteresis effects in the



valve were not noticeable and the unloaded speed range of arm
movement was the same as that on a conventional system ( a : 0

- 0.3 rad s™1, B: 0 - 0.4 rad s,

The operator lever loads were lighter which was an advantage
and greater operator mobility was available as the control box is
portable. A further advantage is that the control box may
easily be installed in a tractor cab as it is only necessary to
accommodate a single electric cable leading into the cab as
against a set of heavy mechanical cables. The only disadvantage
of the system was that the control box was difficult to support
when used off the machine; a problem readily overcome by

attaching a strap to each side of the box so that it may be worn

around the neck.

3.6 Discussion

The proportional valves selected and hydraulic circuit, used
in conjunction with the control circuitry described were found to
give perfectly satisfactory control of the digger. This implies
that, used in conjunction with appropriate feedback transducers
and control algorithm the valves may be used satisfactorily for
the microprocessor system to provide X-Y movement and a
learn/repeat facility. The cost of parts for making the

prototype circuit was £160 which is quite acceptable from a

potential production viewpoint.

There are improvements to be made to the circuit, however.

The proportional valves should be supplied from regulators

deriving a steady 8 V supply from the battery. Also the power
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switching, effected in the above prototype by the battery
connectors, should be done using a relay in the junction box
switched from the control box; this would add to the safety of

the system.

The circuit has been redesigned to incorporate these features
as well as modifications for the control of a type PA8 digger, a

later machine, the king post of which may also be tilted level

under electrohydraulic control.
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4.1 Introduction

The development of a control algorithm for a manipulator
system falls into two main parts: kinematics and dynamics. The
first concerns the derivation of the joint coordinates, and their
necessary derivatives, in real time to execute the motion of the
tool as demanded by the operator. The second, a potentially
much more difficult problem, is that of implementing a control
system to apply the necessary torques at the pivots to make the
linkage follow the desired trajectory. With the growth in the
use of industrial robots, a great deal of work has been done on
the development of both kinematic and dynamic algorithms for

manipulators.

4.2 Kinematics

There are two ways in which the input velocity command from
the joysticks (xi, yi) may be used to derive the path to define
the machine coordinate trajectory. By the first method, at each
sampling instant the input velocities X; and y; are read and the
equations relating the joint velocities to the input velocities are

solved to provide inputs to joint rate servos:

. a - a -
a= Xt 5
. B B
P=x* "y %

This method, however, produces a trajectory subject to
cumulative error as illustrated in Fig. 4-1. The machine starts
at point S with the horizontal input vector shown. When the
machine encounters an obstacle (shown shaded), a small

positional error d arises which the system does not correct.

49



The desired trajectory is shown dashed with the maximum value
of d as small as practicable so that the feedback system operates

so as to maintain the machine on the original path.

jSrtaal trajectory........

Inbeta ediigedy---

Fig. 4-1: Simple control scheme allowing
cumulative error

The alternative method which overcomes the drift problem is
to generate a 'Target Point' in software which follows the desired
trajectory and to have a position control servo system to make
the machine track the Target Point. This may be done, as
here, by directly inverting the machine geometry (i.e.
converting user coordinates to machine coordinates) or by
Resolved Rate Motion control, particularly useful for reducing

the computational load for complex Iinkage528.

To implement the control of horizontal and vertical bucket

blade movement it is necessary to be able to convert machine
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coordinates (i.e. angles measured at the pivots) to Cartesian
user coordinates and to convert user coordinates to machine
coordinates. The machine coordinates are shown in Fig. 4-2(a);
H and V designate the horizontal and vertical directions in
relation to the machine body, V being parallel to the slewing
axis. The user coordinates axes are shown in Fig. 4-2(b); the
Out and Up directions x, and y, are rotated through the pitch
angle 8 relative to the machine horizontal and vertical. The
machine configuration is described by the x and y coordinates of
the bucket pivot P and the bucket angle {, measured from the

user vertical.

a+B-m

R
A Yq' P (x"y') y t 4 (’-0;’0)

3

Y

 J

s/ x </ *
Fig. 4-3: Conversion between coordinate systems

To convert from machine coordinates to user coordinates (see

Fig. 4-3):

Let d=a-§ and Xor ¥ be the coordinates of

point P
Where 6 = Operator selected pitch angle
Then x, = L sina" + R sin (ad'+B-m)
Yo =~ L cosa' - R cos (a'+p-m)

¥

a+B+Y-m
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To convert from user coordinates to machine coordinates:

/2 2
D = 4%, * Y,

2 2 2
Let A =cos—l[L + D —R]

1

2 LD
and A =cos_l(—y/D)
2 o
o.=Al+A2+9
-1{t? + g% - p?
[3=cos
2 LR

Y= (y+m) - (a+PB)

4.3 Generation of Target Point

If the machine is static and the joysticks are deflected to
select x and y velocities x, and y, then the Target Point onto
which the bucket pivot is servoed should move from the current
output position at the selected velocity. When the input velocity
is changed by the operator the Target Point should begin a new
trajectory from the position of the machine at the time of the
input change. It is necessary therefore to threshold a
'significant’ change of joystick input otherwise the target point
may be reset by the slightest unsteadiness of the operator's

hand or by signal noise.

An additional consideration in determining the movement of
the Target Point is what should happen if the machine is stalled
by an immovable obstacle. It is necessary to stop the movement
of the Target Point when the positional error exceeds a critical

value determined by the characteristics of the control scheme.



4.4 Bucket Kinematics

In moving the bucket pivot in the x and y directions the
control system must act in such a way as to maintain a constant
bucket angle . To do this it is necessary to feedback the
angle y by means of an appropriate transducer. Rather than
mount ‘'a transducer on the bucket pivot where it may be

vulnerable to physical damage it was decided to mount it

so as to measure the angle & and from this to derive vy.

Fig. 4-4: Bucket Linkage and Geometry
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The relationship between y and & may be derived as follows

(See Fig. 4-4):

2 (h%+ i% - 2 h i cosd )

-1{k2 + 12 - jZJ
T = COS
2 k

-
i

1

2m +& - (T1+p)

I

Y

The dimensions of the bucket linkage are as follows:

i=0.228m £=2.83° = 0.049 rad
h = 0.335m p=136° =2.37 rad
1= 0.164m

Hence:

3¢ = 0.164 - 0.153 cosd

~1{0.104 - 2
= COS
0.091

3.96 =71

-
|

<
n

y = 3.96 - cos % ( -0.660 -~ 0.153 cos &)

4.5 Learn and Repeat

The function of the Learn facility is to record the movements
of the bucket blade from the starting position when the Learn
mode is selected to the moment it is deselected. In Repeat
mode, the blade cuts the same path as executed in Learn mode
relative to the x and y axes but offset to the new starting
point, being the position of the machine when repeat mode is

selected.
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There are two basic ways in which the Learn process may be
executed: one method is to record points of the path at regular
intervals in time and the other is to record points at even
spacing. The first method retains information on the velocity of
the blade whilst the second does not. However to record the
speed of movement as the path was taught is not particularly
useful as an operator may deliberately slow down certain parts of
the learned operation to perform them accurately whilst such

speed reduction in Repeat mode may be undesirable.

The method of recording a path at regular spacing has other
advantages. The method is more economic in terms of memory
usage i.e. a longer path may be stored in a finite memory
space. With a constant sampling frequency and finite memory
space there would be a time constraint on the operator in
executing the path in Learn mode which is obviated by regularly
spaced sampling. Having equispaced points in memory facilitates
speed control in Repeat mode as the repeat speed may be
determined by the rate at which data is sequentially retrieved
from the list of input points. It was decided to allow the
operator a choice of two repeat speeds selected by switches on

the control panel.

When Repeat mode is selected the offset to be added to the
path points in memory is calculated by subtracting the x,y
coordinates of the starting point on the path in memory from the
current output position of the machine. The trajectory for the
Target Point is then generated by accessing and offsetting the

successive points in memory at a rate corresponding to the
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selected repeat speed. The bucket angle at the successive
points is unaffected by the change in starting point of the path

and requires no offset.

Let successive points on the learned path be represented
by vectors

Ei:' (XL.’ yL.I WL')
1 1 1

Let the starting point for the repeat be

S = (Xsl _YS, WS)

Then Offset O = (xg - L, ¥s ” YLl, 0)

and repeat path points R, = Ei + 0 i=1,..,n

4.6 Transducer Resolution

A major factor in determining the minimum resolution required
of the transducers for measuring a, B, and & angles is the
maximum acceptable positional error at the bucket blade. A
worst case configuration for error in calculating the y coordinate
of the bucket pivot arises when the machine is in the position
shown in Fig. 4-5. The reach arm is fully extended, = 142.0°,
and a= 105.4° then_b_j_/ and ﬁf are at maxima and y = 0. For
eight bit resolution oafqa and bg the worst case error in y is 15

mm.

’ .¢f”£;//’«<z:>\11\\\_

y p” (%0y9)

\j

Fig. 4-5: Position for worst case error in
determination of y coordinate
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Thus positional resolution of eight bits is quite sufficient for
digging purposes; the additional error introduced by
quantisation of the bucket angle may be neglected as the bucket

pivot to blade distance is relatively small.

4.7 Dynamics

Having established the kinematic requirements of the system
and solved the machine geometry, a control scheme of minimum
cost and complexity was sought which would give satisfactory
performance. For the purpose of analysis the machine to be
controlled may be divided into the sections of hydraulics and

mechanics, including load.

4.8 Hydraulics

The complete hydraulic circuit for the control of digger using
A & D Hydraulics' proportional valves is given in Fig. 3-3. The
sections for the supply and the Lift service are shown in Fig.

4-6. The accumulators C, and CB represent the compliances of

A
the hoses supplying the ram. This example of the Lift service
is taken as it is the most complex individual service in the
circuit. Given the valve setting VL and the ram velocity XL’

the ram force F, and the flow QL may be found computationally

L
as follows. Consider the case where the valve deflection is

negative:

2 = P +
n-1

Q At

1
c CBn-l

Where subscripts n-1, n denote successive
samples at interval At
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CB L AL
n
P =120 At + P
Xn C CAn_l Xn—l
QCA = —AA X - RA PX

: Hydraulic Circuit for Supply and Lift Service
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Similar sets of equations may be drawn up for each of the
other services. The supply, comprising the pump and the relief

valve, is governed by the following equations:

Qp = Qg * Qpy
Qry = © P <p
s< Frv1

The value of PS may be found at each sampling instant by

performing an interval bisection type iteration varying P, from

S
0 to PRVl until the flow continuity constraint is satisfied:
Qs = Qrew * “Lirr T %REach
* Qpucker * Qrwr

It may be seen from the above that the hydraulic circuit is
highly non-linear with saturation effects and interaction between
the services. In addition there is the offset, hysteresis,
leakage and dynamics of the valves to accommodate. The pump
rate is subject to variation due to mis-setting and tractor
governor imperfections. The oil viscosity changes significantly
with temperature (changing effective restrictor and valve
constants) becoming lower as the oil heats up and making the

machine move noticeably faster.

4,9 Mechanics

In modelling the mechanics of the digger, in general, the

following forces and corresponding torques must be considered:
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1. Accelerational
2. Gravitational
3. Centrifugal

4. Frictional

5. Stictional

6. Coriolis

For very complex robotic systems Lagrangian dynamics
provides a systematic and efficient method for solving the
equations of motion. For a digger with a relatively simple
geometry, the equations may be written and solved applying
Newton's Laws directly. For slow moving manipulators the
inertial forces may be negligable and the device may be treated
purely kinematically28. Slow moving in this context means about
1 m/s or less and the maximum speed of motion of the bucket

blade of the digger in a horizontal cut at mid reach is 0.5 m/s.

Coad sorques
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Fig. 4-7: Schematic of System Model



The overall structure of a complete model of the machine is
shown in Fig. 4-7. The model operates by integrating the
angular acceleration at each sampling instant to give velocities
and positions; this data in conjunction with the load torques and
valve settings enables the net acceleration torque to be
calculated for the next sampling instant. Block P solves the
geometry associated with each ram to convert the angular
velocities at the pivots to ram velocities. This data is fed into
the hydraulic model constructed as described above along with
the valve setting to give the ram forces. Block Q converts the
ram forces into angular torques at the corresponding pivots.
The Mechanical Model M calculates the direct and induced torques
listed above and hence the total non-accelerational torques using
the basic laws of mechanics.

The derivation of the equations of motion is a lengthy but
straightforward piece of mechanical analysis. The load forces
acting on the bucket may change with position from that of a
pure mass in the bucket to frictional forces as the blade cuts
ground. To simulate a microprocessor controlled system care
must be taken to include the effects of quantisation and finite
word length arithmetic. It can readily be seen that the
mechanics constitute a highly non-linear time-varying coupled

system.

4.10 Control Algorithm

Two control schemes particularly suited to non-linear

29,30

interacting robotic system are sliding mode control and

invariant controlzs. Both of the schemes require minimal

information of the system to be controlled in terms of modelling.
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Sliding mode control operates by switching between two control
schemes which may be individually unstable chosen so as to keep
the system in the region of a chosen switching line in phase
space. Invariant control uses measurement of acceleration to
eliminate the disturbances caused by the mechanical interaction
of the joints to be controlled. Both these systems require
additional transducers for measurement of velocity or acceleration
in addition to sensing position, or a sufficiently well resolved
position measurement to permit sufficiently accurate

differentiation.

In view of the complexity of modelling it was decided to
initially adopt an empirical approach to the development of a
suitable control scheme. The most important question about the
control scheme so far as the hardware specification is concerned
is the number and type of feedback transducers required.
Position, velocity, acceleration, and ram pressure are all

variables required by different robotic control systems.

Early crude experimental work was carried out using a valve
driver supplied by A & D Fluid Power, realising the scheme
shown in Fig. 4.8 (a) using the apparatus shown schematically
in Fig. 4.8 (b). Experiments were done using the lift arm as
the linkage for this service has the highest moment of inertia
about the pivot. An SDK-85 microcomputer was used to run a
program to give proportional feedback using 8-bit integer
arithmetic. An 8-bit digital to analogue converter was used to
drive the analogue voltage controlled pulse width modulator

supplied by A & D Fluid Power. This device was found to have
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a varying frequency with control voltage.

Y
§
Y

)4 > PHWM > Valve

Y
Y

HAC Pwm — Yalve

f)C’ - jﬁsﬁ- i%t Xeo

SDK-85
,&ijkf

mie

|

Fig. 4-8: Control Loop (a) and Hardware Schematic (b)
for experimental system

A carbon potentiometer mounted on the spindle of the pivot
was used to measure the output angle giving a voltage fed
through a gain and offset stage to an 8-bit analogue converter.
The resulting step response, by adjusting the gain K was fast
and without overshoot similar to that of a first order system but
had a small erratic residual error due possibly to

non-repeatability of the valves.

It was decided therefore to start by building a system with
more precise hardware to implement proportional control,
adjusting the gains to obtain the fastest possible response
without overshoot. The main effect of the hydraulic interactions
is to reduce the gain of the services individually so if a gain is
selected which gives a stable response for a service in isolation
it will remain stable in conjunction with the other services. The
faster the step response of the szvstem, the better tracking is

obtained to a ramp input.
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Fig 4-9 shows a simplified schematic for control of the lift and
reach ( aand B) pivots to give x-y control of the bucket pivot.
The control voltages V. and Vy from the joysticks (J/S) are fed
into the analogue to digital converter (ADC) to the computer.
The corresponding velocities ici and yi are integrated to give X;
and i the coordinates of the Target Point, onto which the
bucket pivot is servoed. Code segment G calculates the
corresponding coordinates a; and Bi; the corresponding errors
are multiplied by the gain constants A, and A[; and the results
output to the pulse width modulators which drive the valves. It
is necessary to prevent excessive errors accumulating if the
machine encounters an obstacle that stalls it i.e. causes the
relief valve to blow. The is detected byv thresholding the x and

y errors (e, and ey) and disconnecting the X; and Y; inputs to

the integrators when a critical error magnitude arises.

The controller for the bucket angle is shown in Fig. 4-10
(a). The overall effect of the system is to maintain the bucket
angle constant in the user coordinate system as the bucket pivot
is moved, this function being over-ridden by control signals
from the bucket control joystick. With zero joystick deflection
the Sample and Hold outputs the angle to be maintained to
summing point S1 which calculates the error signal which is
used to switch the bucket valve. When the joystick is deflected
the sample and hold is put in sample mode and becomes zero
and the value of the joystick voltage is fed to the valve
controller. When the joystick is released the sample and hold
holds the value of the bucket angle at release which then

becomes the new input to the regulator.
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The slew controller (see Fig. 4.10 (b)) is functionally
equivalent to that of the proportional electric control system but
implemented through the computer. The control joystick voltage
VS is fed to the ADC, multiplied by a gain constant Aq and

output to the PWM to drive the valve.
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9.1 Design Constraints

With the availability of cheap microprocessors, a major part of
the total hardware cost of a computer-based control system can
lie in the feedback transducers. As the cost of the diggers is
relatively low, the cost of the output transducers must be kept

as low as possible.

The transducers must be able to give eight bit resolution
over the measured angle of travel and must be repeatable to less
that half a least significant bit. The devices used must also be
mechanically robust: vibration is transmitted to the transducers
from the tractor engine and from the pump. They are also
subject to mechanical shocks from the bucket when digging. The
transducers must be made waterproof to withstand weathering
and mud splashes; the bucket transducer may even be immersed

if the machine is being used for clearing waterlogged ditches.

They must be easy to fit to a standard machine in the sense
that no significant mechanical modifications have to be made.
They must also be able to withstand the rough handling of the
agricultural environment as well as any impact in use if the
machine hits an obstacle. All electrical connections must be well
screened to prevent electromagnetic interference from other

circuits on the machine (e.g. solenoid valves) or from nearby.

Easy access to the workings of the transducers is desirable
for ease of servicing. Also it should be possible to replace any

one independently of the others if a fault should arise.
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5.2 Selection Possibilities

There exists a number of types of transducer commercially
available for angular position measurement. The most simple to
interface to a computer is an absolute encoder which gives a bit
parallel output in binary or Gray code corresponding to the
measured angle. The objections to using this type of encoder
are cost and the number of wires to be connected to the
computer. Connectors capable of withstanding the working
environment of field machinery are expensive and the cost

increases with the number of ways that are connected.

Incremental encoders overcome the problem of a large number
of connectors but they are still relatively expensive and they
must be re-datumed if the machine is switched off. Hydraulic
rams exist which have capacitive transducers built in; they are
well protected but have the disadvantage again of cost. The
possibility was considered of using an ultrasonic pulse-echo
technique to measure ram extension with the transducers
mounted inside the ram. This was not pursued however, owing
to the difficulty in finding a suitable piezo-electric material, the
complexity of the driving circuitry, and the necessity for

temperature compensation.

In view of the drawbacks with various other measurement
systems it was decided to design a transducer using a high
quality plastic film potentiometer. These devices have 0.5%
linearity and virtually infinite resolution giving a calculated total

worst case positional error of *26 mm.



5.3 Construction

The set of three transducers may then be interfaced to the
computer using an analogue multiplexer and an analogue to
digital converter. An exploded section through the device is
shown in Fig. 5-1. The potentiometer is mounted on a steel ring
attached by a brass strip to the transducer body; the strip is
flexible to accommodate any mis-alignment of the potentiometer

spindle relative to the spindle block.

VUU A4
fcrass SogkJl

Fig. 5-1: Exploded Section through Transducer
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The pin at the top of.the diagram acts as the pivot for the
two arms, the angle between which is being measured. The pin
or pin plate is secured to one or other of the arms by a cotter
pin or by a weld. The cover plate serves to protect the interior
of the transducer if it is removed from the machine and there
is a water-tight 'O' ring seal between the plate and the
transducer body. The plate is secured to the body using an
allen screw fitted with a shakeproof washer to prevent it from

loosening with vibration.

The screened cable to the transducer passes through a
sleeved grommet sealed with plastic glue to make it water-tight
and a strain relief clip is used to prevent the cable from pulling

out or stressing the potentiometer connections.

The spindle block is secured to the body with a fixing ring,
held in place by three screws at 120° around its front face. A

seal is made using an 'O' ring to prevent the ingress of water.
Syindleblock

Radius arms
J /;afe—jm'g‘ . lﬁ\?t’ "

washer

Cock nut I« STave (ink

C‘mnec‘ting‘/
arm i
L oca-tt'lg 5M

Fig. 5-2: Mounting of Bucket Angle Transducer

./Rﬂm jn'.ttan rod




Fig. 5-2 shows a side view of the assembled transducer
attached to the bucket linkage (see also Plate I). The pin plate
is welded onto the radius arm of the bucket linkage to prevent
the transducer body from rotating. The connecting arm engages
in the slot in the locating block. The locating block is shown in

detail in Fig. 5-3.

Stave link”” Tapped holes

Fig. 5-3: Detail of Locating Block

The elongation of the slot serves to accommodate any
movement of the transducer in the plane of the connecting arm
due to pin wear. The space between the connecting arm and the
slave link accommodates any movement axially along the pin.
Plates II and III show the transducers fitted on the machine for
measuring angles a and B respectively.

The locating pin shown in Plate II above the’ transducer
prevents it from rotating; the junction box for the transducer
connections can also be seen on the machine body. The pin for
the transducer measuring angle B is fixed by a cotter pin to the

lift arm.
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6.1 System Structure

A block diagram of the control system hardware is shown in
Fig. 6-1. The system is based upon an Intel SDK-85 single
board microcomputer. It uses an Intel 8085A microprocessor and
the wunit includes a hexadecimal keyboard, display, a monitor,
and in its most basic form 2K of ROM and 256 bytes of RAM.
The processor has as eight bit word length and is run on a 6
MHz crystal. The system is compatible with the Intel "Intellec”
development system in the departmental microprocessor laboratory
allowing the wuse of an in-circuit emulator for debugging
hardware and for software development. The B8085A is also a

widely available industry standard device.

Fig. 6-1: Block Diagram of System Hardware

7



The memory was expanded to give a total of 43K of RAM and

8K of EPROM.

The arithmetic processor unit (APU) is an Advanced Micro
Devices AM9511 which will operate on 32 bit floating point
data, as well as 32 bit and 16 bit integers. The device performs
arithmetic and trigonometric operations and runs with a 3 MHz

clock giving a maximum floating point multiply time of 56us.

The Valve Drivers interface the CPU to the proportional and
Bang-Bang solenoid valves. The current through the
proportional valves is controlled to seven bit accuracy, with an
eighth sign bit, from zero to full, and the frequency of the
current pulsing is set at 50 Hz. The Bang-Bang valves are
switched on and off by power transistors and the cut-off valve
is operated by hard wired logic so as to close when any of the

control valves is selected.

For analogue inputs to the system, an 8-bit analogue to
digital converter is used in conjunction with an 8-channel
analogue multiplexer. The transducer outputs pass through
conditioning amplifiers to the multiplexer, and the control
joystick and piteh control voltages pass through buffer
amplifiers. The digital inputs are from the mode selections
switches on the control panel and the digital output are to the

mode indicator LED’'s.

The power supply provides the 5V digital supply for the

computer and logic circuits using the tractor battery as the
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power source and employing smoothing circuits and regulators.
DC to DC converters are used to provide the dual rail supplies
to the amplifier circuitry and for the stable +12 V supply for the

APU.

dImtticUuers

The physical layout and interconnection of the different units
of the controller are shown in Fig. 6-2. The transducers are
connected by screened leads to a junction box mounted on the
machine from which a single screened cable then runs to the
processor unit. The control box, which houses the control
joysticks, pitch control, mode selection and indication circuitry,

is linked by a single screened cable to the processor unit.

The switching unit contains the main relay which switches the
battery supply to the system on and off, activated by a switch
on the control panel. It also supplies the regulators for the
proportional valves and the power transistors for all the valves

as well as the switching circuit for the cut-off valve. Two
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cables link the switching unit to the processor unit: one is a
screened signal cable for operating the valves and the other is

the power cable for the processor unit.

6.2 Processor Board

The detailed schematic diagram of the main processor board is
shown in Fig. 6-3. The main circuit board is that of an Intel
SDK-85 microcomputer system design kit and a detailed
description of this standard unit in not included here as the
information is contained in the Intel "SDK-85 User's Manual"31.
The custom built parts of the board are shown marked with a

dot in Fig. 6-3.

The 8085A crystal which is normally supplied at 6.144 MHz is
replaced by one of 6 MHz so that the AM9511 arithmetic
processor unit may derive its clock signal of 3 MHz from the
CLK pin of the CPU which produces a signal at half the crystal

frequency.

The 8205 Address Decoder decodes the bottom 4K of memory
into eight 2K blocks. The utilisation of each of the decoder
outputs is shown in the Memory Map given below. The 2K
Monitor ROM, to which control jumps on power on, may be
replaced by an EPROM programmed to transfer control the the
digger program stored in the 4K EPROM thus making the
computer transparent to the user. To facilitate swapping of
these chips, as the monitor is often required in experimental
work, the board is fitted with a zero insertion force socket.

The monitor ROM, or its substitute, and the two 8155 RAM and
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I/O chips have bit programmable I/O ports used for interface to
the valves, the ADC, and the mode selection and indication
circuitry. Details of the port usage are given in the I/O map

below.

The keyboard has 24 keys and is used in conjunction with the
display and monitor program for inspecting memory locations
and register contents, entering data into memory, and initiating
program execution. The display has six hexadecimal digits: a
four digit address field and a two digit data field. A program
was written for displaying 32 bit floating point variables stored
in memory for checking the operation of the programs during

development.

The custom built circuits are shown marked with a dot in Fig.

6-3 and are described in detail later.

6.3 Memory Expansion

The circuit for the 4K x 8 bit RAM expansion for locations
3000H to 3FFFH is shown in Fig. 6-432. Lines AD, to AD, and
A8, A9 are common to all the devices. The additional address
decoding is effected by using AlO’ CS6 and CS7 and control is
effected using ALE, RD, and WR. The 4K x 8 bit EPROM
expansion schematic is shown in Fig. 6-5 and the circuit

diagram in Fig. 6-6. The ROM is located at address 8000H to

8FFFH.
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6.4 Arithmetic Processor Unit

The arithmetic processor unit interface schematic is shown in
Fig. 6-7. The APU has an internal stack to which data bytes
are pushed and pulled, and a command/status register both
accessed by the eight bit bidirectional data bus33. The stack

is located at address 1000H and the command/status register at

address 1100H.

o
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Fig. 6-7: AM9511 APU Interface Schematic

The device has a 3 MHz clock input derived from the CLK pin
of the CPU which synchronises the two devices. At power on

the device is reset from the RST OUT line of the CPU.
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Fig. 6-8: APU Interface Timing Diagram

When reading data from the device with the PAUSE line of the
APU connected directly to the CPU READY pin it was found that
errors occured owing to delay in the PAUSE line going low when
the APU was accessed by the CPU. The CPU was reading data
from the bus before it had settled. The logic shown in Fig. 6-7
pulls the READY line low immediately the device is selected
allowing it to return high when PAUSE goes high. The timing
and wiring diagrams are shown in Figs. 6-8 and 6-9

respectively.
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6.5 Board Layout

The layout of the custom built circuits is shown in Fig. 6-10.
The diagram also shows the power supply connection to the
processor board and the ribbon cable connectors. Plate IV
shown a plan of the complete main circuit board. The details of
the complete ribbon cable connections are given later, in the

chapter covering the rack wiring.



6.6 Memory and /O Maps

Tables 6-1

and 6-2

respectively show

(including the active 8205 chip select lines)

with the usage of the different ports.

Port
Address

OOH
O1H
21H

22H
23H

29H
2AH

2BH

Chip

8355
8355
8155

81551

8155,L

81552
81550
V4

81SSR

1/0 Map

Port Function

Slew
Lift
Reach

Bucket

O @ > w >

Mode
Indicate
ADC Bus

>

B Mode
Select

C ADC
Control

Table 6-2: System 1/0 Map

the

and

No.

N N 00 00

(o4}

memory map

the 1/O map

of bits
used

of 8
of 6

of 8

of 6
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Memory Map
Address Function Active 8205
chip select
OOO0OOH Monitor ROM CS8O
O7FFH (8355)
O8O0O0OH Expansion EPROM CS1
OFFFH (8755)
1000H APU Data Cs2
(AM9511)
1001H
10FFH
1100H APU Command/
Status
(AM9511)
1101H
17FFH
1800H 1800H: Keybd./ Cs3
Display Ctlr.
Command Loc.
1900H: Keybd. /
Display Ctlr.
Data Loc.
1FFFH (8279)
2000H Basic RAM Ccs4
20FFH (81551)
2100H Basic RAM
27FFH fold back
2800H Expansion RAM CS5
28FFH (81552)
2900H Expansion RAM
2FFFH fold back
3000H Expansion RAM CSse6
33FFH (81851)
3400H Expansion RAM
37FFH (81852)
3800H Expansion RAM cs7
3BFFH (81853)
3COO0H Expansion RAM
3FFFH (81854)
4000H
7FFFH
8000H Expansion EPROM
8FFFH (2732)
Table 6-1: System Memory Map
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7.1 Analogue Interface Card

The circuit schematic for the analogue interface card is shown
in Fig. 7-1. The 5 V reference supply acts as the reference
voltage source for the position transducers, the control
joysticks, and the pitch control. The voltage reference is also
connected to the Analogue to Digital Converter, the ADCO0816
manufactured by National Semiconductor, as the reference supply
across the divider chain. The ADC has eight bit resolution and
the chip incorporates a sixteen channel multiplexer for analogue

inputs of which only eight are used here.
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Fig. 7-1: Analogque Interface Card Schematic



The analogue inputs from the transducers pass through signal
conditioning amplifiers with a variéble gain and offset. The
function of these is to map the full scale output swing of the
transducers onto the full range of the converter. The joystick
and pitch control voltages are fed into unity gain buffers. The
range of joystick voltage variation does not require any ampli-
fication and the pitch control potentiometer is variable between

0 Vand 5 V.

The analogue inputs to the multiplexer all pass through low
pass filters to keep the overall noise at the input to the ADC
below 10 mV; the cut-off frequency of the filters is set at 1
kHz. The clock for the ADC runs at 640 kHz to give a maximum
conversion time of 114 us. The control lines select the analogue
input, initiate conversion, and signal the data to be output onto

the 8 bit bus at the end of the conversion.

+12Y o
Ct :L
[1ou
24
oV o :
c2 .—-I[-'fOFf
-12v o

Fig. 7-2: 5 V Analogue Reference Circuit

The circuit for the 5 V analogue reference is shown in Fig.
7-2; the two 10 pF capacitors Cl and C2 smooth the supply for
the operational amplifier and the Zener Z1. The voltage across

the Zener is 8.2 V and from this is derived 5 V using the
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potential divider of VR7 and R23. This voltage is buffered by
the op-amp, and the BFX85 transistor is used to boost the
buffer output current. The 10 k resistor provides a load for
output stability if no other load is connected. Output smoothing

is provided by C13 and C14.

The circuit used for the variable gain and offset amplifiers is
shown in Fig. 7-3. Operational amplifier B acts as an input
buffer for the transducer and amplifier A buffers the offset
voltage into the unity gain summing amplifier C. Amplifier D
provides the gain stage. The wiring diagram for the three
transducer amplifiers is shown in Fig. 7-4. Operational amplifier

3244 is used to buffer the voltages from the joysticks.

Offset

Fig. 7-3: Transducer Signal Conditioning Amplifier

The circuit for the ADC is shown in Fig. 7-5; the ADCO0816

has a built-in analogue multiplexer with sixteen inputs of which
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eight, INO to IN7, are used here. The chip runs off the 5 V
logic supply and also has a 5§ V reference input for the divider
chain in the ADC. Control lines ADD A, ADD B, ADD C are
used to select the input line address. ADD D is tied low as
only eight of 16 inputs are used. The START and address latch
enable (ALE) are connected to control line C4 which is pulsed
high to initiate a conversion once the address for the input has
been presented on ADD A-C (see timing diagram Fig 7-6). C5
goes high to activate the tri-stated 8-bit output port at the end
of the conversion. The ADC has a clock input of 640 kHz
provided by the Schmitt Trigger inverter with the feedback
resistor and capacitor to ground, the second gate acting as a

buffer.
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The wiring diagram for the ADC circuitry

7-7, and the layout in Fig. 7-8 and Plate V.

is shown

in Fig.
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Fig. 7-7: ADC Wiring Diagram
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Fig. 7-8:

Analogue Card Layout
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7.2 Valve Driver Card

The valve driver card is essentially a 3-channel digital pulse
width modulator circuit for driving the SLEW, LIFT, and REACH
valves. There are three 8-bit digital inputs, seven bits for
each channel are used to select the mean valve current and the

eighth to select the direction of movement: Right or Left etc.

CloE

Co«ntif
57
Ct-Ci
Ai» -E>»— t>—
X7
t
i *>| iQo— O bdWK
ComparpAm
37
—f£>e_ 1 D°-—
Cumpmntior

Fig. 7-9: Valve Driver Schematic

The circuit schematic is shown in Fig. 7-9. The three con-
trol inputs S0-S7, LO-L7, and RO-R7 are for the Slew, Lift, and
Reach functions respectively, line 7 selecting the direction in

each case.
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Fig. 7-10: Valve Driver Timing Diagram

For each channel there is a seven bit digital comparator: one
input is from a cyclic counter generating a sawtooth output and
the other is the control signal. The logic operates as shown in
Fig. 7-10 so that the valve current is ON when the control input
is greater than the counter value. So over an input range of 0
to 127 the mean valve current varies linearly from zero to
maximum. The frequency of the valve switching pixlse train is

set to 50 Hz by adjusting the clock to run at 6.4 kHz.

The wiring diagram for the clock and counter circuit is shown
in Fig. 7-11. A 555 timer is used for generating the clock
signal, adjusted by potentiometer VR1. The counter employs two

74LS163 four bit counter chips, the output being taken from the
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Fig. 7-11: Wiring Diagram of Clock & Counter Circuit

seven least significant bits. Fig. 7-12 shows the wiring of the
comparator and logic circuitry. The outputs from the card to
the valve switching circuits are active low. The circuit layout is

shown in Fig. 7-13 and Plate VI.

Plate VI: Valve Driver Card
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7.3 Power Supplies

The main 5 V power supply for the logic circuitry is shown in

Fig. 7-14. The input comes from the tractor battery via the

power switching relay situated in the switching unit. The 27 V
Zener is to act as protection against any high voltage spikes or
surges; the smoothing circuit comprising L1, L2, C1, C2 removes
ripple and high frequency noise from the input to the regulator
RGl. The feedback network of R1 and VRl may be adjusted to

give the desired output of 5V and C3 and C4 provide output

smoothing.
é6mH Rg1
4mH
0-—— Lt (11 bma 338K —o +5¥
+2Y £2
) 2
+ i€
= 4
Zl’t'rw 4! é 100w -%o-ol
1000uF st U vas CS |togu o
fug —0 oV
Fig. 7-14: 5 V Regulator Circulit
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Fig. 7-15: 12 Vv APU Supply

The +12 V supply for the APU is shown in Fig. 7-15. CV1 is
a DC to DC converter with a 100 mA output rating, L3 and C5,
serve to eliminate high frequency noise from the output probably
due to internal switched mode operation of the converter. The
240 dummy load on the negative output is necessary to preserve

regulation of the positive output.

2 L4

—0 +11¥
150mA 2N
+5Y 0——1o +12¥ 0— 45
- —0 -129
224 M s |c% |7 (14
Cf‘vz 12V 0] | 150un T3
4 192
—0 OV

100’ 2,

oy o—

Fig. 7-16: *12 V Analogue Supply

A similar converter is used in the DC supply for the analogue
board (Fig. 7-16) which additionally has 100 uF capacitors on
each output line to eliminate ripple. The circuit board layout is

shown in Fig. 7-17 and Plate VII.
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7.4 Rack Layout and Connection Tables

The front view of the main rack is shown in Fig. 7-18 and
Plate VIII show the interior wiring at the rear. The blue
ribbon cable connects the main board to the back plane; the
connections to the power supply board are also visible. The
rear of the rack is shown in Fig. 7-19 and Plate IX. The
fuseholder is for the input from the battery via the power
switching unit and the fuse is rated at 2 A. Plate X shows the
front of the rack with the processor board withdrawn to show

the power supply.

Rack case  processor board Power supply boord

' L

Trductor

S Pk dever bomrd

Fig. 7-18: Front View of Main Rack

Switching wit
Soc

Controt unit Transducer

sockst \ / socket

— Fuseholder

: @ +129 input
‘ X
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Plate 1IX: Rear Panel of Main Rack

Tables 7-1 to 7-4 list the connections to the circuit boards

and the sockets on the back panel of the rack
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Rack Connections
SDK~85 Edge Rack Function Analogue Driver
Connector Connector Card Card
1 c 1l SO 3
2 al S1 4
3 c 2 S2 5
4 a 2 S3 6
5 c 3 S4 7
6 a3 S5 8
7 c 4 S6 9
8 a4 ¥ 10
9 c 5 L.O 11
10 asbs Ll 12
11 c b6 L2 13
12 aeb6 L3 14
13 c 7 L4 15
14 a 7 L5 16
15 c 8 L6 17
16 a 8 L7 18
17 c 9 RO 19
18 a?o R1 20
19 c 10 R2 21
20 a 10 R3 22
21 c 11 R4 23
22 a ll R5 24
23 c 12 R6 25
24 a 12 R7 26
25 c 13 OPEN
26 a 13 CLOSE
27 c 14 MIO
28 a 14 MI1l
29 c 15 MSO
30 a 15 MS1
31 c 16 MS2
32 a 16 CO 2
33 c 17 Ccl 3
34 a 17 C2 4
35 c 18 C4 5
36 a 18 C5 6
37 c 19 DO 7
38 a 19 D1 8
39 c 20 D2 9
40 a 20 D3 10
41 c 21 D4 11
42 a 21 D5 12
43 c 22 D6 13
44 a 22 D7 14

. Main Circuit Board (SDK-85) Rack Connections



Analogue and Driver Card Connectors

Driver Card

Pin no. Analogue Card
1 5V 5V
2 CO RIGHT
3 Cl SO
4 Cc2 Sl
5 Cc4 S2
6 C5 S3
7 DO S4
8 D1 S5
9 D2 56
10 D3 S7
11 D4 LO
12 D5 Ll
13 D6 L2
14 D7 L3
15 n/c L4
16 n/c L5
17 VREF L6
18 \Y L7
19 v RO
20 A\ R1
21 vSs R2
22 vY R3
23 vX R4
24 VB R5
25 VP R6
26 A. Gnd. R7
27 Screen LEFT
28 n/c up
29 +12V DOWN
30 -12Vv IN
31 n/c ouT
32 GND GND

Table 7-2: Analogue and Driver Card Connections
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Supply Regulator
Input Brown
Vinput Brown Ref. Black
GND Blue Output Blue
Position Transducers
Function Socket Colour Cable Rack
Pin No. Connection
VREF 1 Red 3 A l7
Lift 2 Blue 3 A 18
Reach 3 Yellow 3 A 19
Bucket 4 White 3 A 20
GND 5 Green 3 A 26
Screen 6 Screen 3 A 27
ON/OFF 7&8 Black Jystk. 8
Black Sw. Unit
20
Control Unit
Function | Socket | Colour | Cable Connections
Pin No. Rack Other
VREF 1 Red 1 A 17
5V Dig. 2 Black Power supply board
Slew 3 Blue 1 A 21
Lift 4 Yellow 1l A 22
Reach 5 White 1 A 23
Bucket 6 Brown 1 A 24
Pitch 7 Purple 1 A 25
On/ 8 Black Transducer Skt. 7
Off ° Black Switching Unit 11
IwT 10 Black Switching Unit 9
MSO 11 White 2 c 15
MS1 12 Purple 2 a 15
MS2 13 Blue 2 c 16
MIO 14 Green 2 c 14
MI1 15 Red 2 a 14
Dig. GND 16 Black Power supply board
An. GND 17 Green 1 A 26
Screen 18 Screen 1 A 27

Table 7-3: Back Panel Connections (I)



Function

Up
Down
In
Oout
Right
Left
Open
Close
IWT
on/
Off
IGND
Screen
Screen
.Screen

Switching Unit

Socket
Pin

O 0O ~NOULPA~,WNLPR

10

12
13

Table 7-4:

Colour

Green
Purple
Yellow
Brown
Red
Blue
Black
White
Black
Black
Black
Black

Back Panel

Cable
No. Rack

28
29
30
31

2
27
13
13

AAMDDADNDN
o 0 © OO0 O O o

Connections
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Connections

Other

Joystk. Unit 10

Transducer 8

Joystk. Unit 9

Power supply
Board

an
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CHAPTER EIGHT

HARDWARE III:

CONTROL UNIT, TRANSDUCER WIRING, &

POWER SWITCHING UNIT

8.1 Control Unit
8.2 Transducer Wiring

8.3 Power Switching Unit



8.1 Control Unit

The layout of the controls on the Control Unit is shown in
Fig. 8-1. The joystick units are spring centred inductive
devices which are very reliable as there are no potentiometer
wipers to wear out. The ori