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Abstract iii

ABSTRACT

An autonomous, multi-terrain vehicle has been designed and developed for operation in
generd indoor, and outdoor environments. The mechatron’s mobility is based around a
robust caterpillar drive system, enabling powerful high torque podtive drive over and
through rough terrain.  The plaform has been designed to integrate a series of sensors
and equipment to enable the unit to eventudly operate autonomoudy. The sensory
equipment includes odometry, proximity sensors, compass, and GPS. The sze and
scde of the vehicle dlows for a large sdf-contained power supply, which provides
adequate power for an extensve range of peripherads and sysems. The unit has been
primarily developed as a foundation for future research into outdoor autonomous
mechatronic gpplications a the Universty of Waikato.
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1. INTRODUCTION

To date, the Mechatronics Group a the University of Waikato have developed units that
are primarily based around radia drive sysems. The Group has aso developed a
submersble Remote Operated Vehicle (ROV), a smdl hexapod, and are currently
working on atricycle based design.

The objective of this thess is to desgn and develop a multi-terrain mechatron that is
aufficiently robust to cope with the irregularities of an outdoor environment. The
project is adso intended to be the founding development platform for future research and
development within thisfied a the Universty of Waiketo.

1.1 INTENDED APPLICATIONS

As dated above, the primary objective is to provide a mechatron capable of traversing
irregular outdoor terrain and environments.  This requires the design and congtruction of
a dedicated drive system and chasss. Possble applications for such a mechatron
include:

Globa autonomous control systems

Topography mapping

Security and surveillance

Hazardous environment gpplications — search and rescue support, temperature
profiling of flammable areas/extinguished fires.

3-Dimengond mapping and interpretation

Forestry gpplications — timber grading, sraightness, height

Taking into account these possibilities, the mechatron must be designed to house a large
volume of equipment whilst maintaining mobility and ability.
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1.2 PROJECT SPECIFICATIONS

As pat of the requirement for this project, the mobile unit is to have a multi-terrain
locomotion system. The drive system has to be practica for artdoor operations and the
entire unit is to be developed as a sand-done sysem. An on-board computer will
peform the mgority of the sysem processng, providing sufficient computationa
capacity for future research. A sdf-contained rechargesble power source will provide
energy for the entire sysem. To increase rdiability, dl mechanicad and dectric sysems
are to be protected as much as possble from environmental conditions.  Protection
methods indude zinc dectroplating of dl ferous meds, seded acrylic cases
encagpsulating al eectronic devices, anti-shock housings for sysems such as the centra
computer and hard drive, and externd cases around the entire unit to act as a secondary
shidd from the eements,

It is necessary for the platform design to consder and include as many of the following
attributes as possible:

Scope — the drive sysem must have the ability to adequately house, carry and
manoeuvre the volume, and associated mass of al of the necessary equipment
intended for the project, while mantaning an adequate buffer for the later
additions of future developments.

Robustness — the unit must be of a sgnificant design standard to not only cope
with the elements associated with outdoor operation, but it must dso be adle to
ded with any irregularities in teran. The desgn should additiondly
incorporate measures to reduce wear, and thereby reduce the amount of required
mai ntenance.

Traction — the drive sysem must generate adequate traction over a wide range
of surfaces incuding lino and carpet while indoors, ranging to pasture, grave,
and rock in outdoor applications.

Manoeuvrability & Controllability - the unit mugt be agile enough to navigate
relatively small passages such as hdls and doorways, as wel as being able to
identify and avoid obgacles. Idedly the unit should have as tight a turning
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crde as possble In conjunction with manoeuvrability, the unit should be
easly controlled in asfluid amotion as possible.

Stability — due to the chaotic nature of outdoor environments, it is essentid that
the drive sysem compliments a reasonably long and wide unit. This will endble
al necessay components and equipment to be fitted in as low a profile as
posshle so as to increase the horizontal to verticd ratio, thereby increasing
Sability.

Efficiency — the drive method, intended geography, and scale of the robot has a
great bearing on the amount of energy required to manoeuvre a unit. The drive
method must therefore compliment the scade and the mass of the unit so as to
reduce the energy required to drive the system.

1.3 MECHANICAL CONSIDERATIONS

The mechanical design and condruction has been underteken a a private workshop
independent of the Univerdty of Wakao. As the equipment is privatdy owned, the
mgority of the tooling, including drills, taps, and dies, are from the imperid era For
this reason, throughout this thess measurements incdude a mix of imperid and metric
units. This format has only been implemented to reduce the amount of additiond tools
that would otherwise have to be purchased for the construction phase of this project.
The mgority of the mixed dimensons are rdated to bolts with imperid diameters, and
metric depths. Wherever possible, SI units have been used for ease during desgn and

construction.

All mechanicd work is illudrated in detal in Appendix A in scae-dimensoned
drawings. The drawings have been crested with AutoCAD for printing on A1l and A2
paper depending on the scde.  Unfortunately, when reducing the printouts to both A3
and A4, the line scde of short fine hidden detal lines have not printed. This has
sgnificantly reduced the vigble detall in the included printouts and hence the AutoCAD
drawing files (*.dwg) have been included on the CD-ROM in the back of thisthess.
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1.4 DEVELOPMENT STRATEGY

The key objectives for this project include the evduation, and sdection of a drive

system, the mechanicd desgn and development, through to the dectronic desgn and

implementation phases.

To illustrate each step in the dedgn and development dages, the thess has been

presented in the following manner:

Chapter One:

Chapter Two:

Chapter Three:

Chapter Four:

Chapter Five:

Chapter Six:

Chapter Seven:

Gives a generd introduction to the project requirements and
objectives.

Discusses the conceptud desgns of sensng and drive
configuraions in delermining the bet sysems for the
intended applications.

Provides a detalled outline of the mechanica congtruction
phase of the drive modules (Mechanica Section —1).

Provides the mechanicd condruction of the inner chasss
and additiond mechanical components (Mechanica Section
-2).

Detalls the dectricd and sensng sysems and dectronic
design and congtruction of the control peripheras.

Ouitlines the integration and control of al sysems within the
project.

Summarises the steps required to desgn and congruct the
mobile unit, evauates the project and performance, and
discusses  future  developments associated  with  the
mechatron.

Figure 1-1 illustrates a flow diagram, which represents the intended development

drategy:
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Research drive system

A

Evaluate and select a
drive platform

A

Determine required drive
and electronic
specifications

A

Select drive components
and hardware to
coincide with
specifications

A

Design and construct a
drive system and
chassis

A

Design and construct
electronics to interface
with the main
mechanical and
electrical hardware

A

Evaluate and interface
sensory equipment

A

Develop mobile drive
control

Figure 1-1: Flowchart of the basic project development process
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2. HARDWARE SELECTION

2.1 DRIVE SYSTEMS

As dsated in Chapter 1, the principle objective of this project is to develop the
foundation for a large-scde multi-terrain indoor/outdoor robotics platform.  The key
condderation in choosng or developing a drive method is to ensure that the drive
sysem suts the intended application. A discusson of different drive system options
follows

2.1.1 Legged M ovement (Bipedal and I nsects)

The mog dgnificant advantage asociated with legged movement is its ability to
manoeuvre over and around obstacles. Bipedd units (Figure 21) require an enormous
amount of resources to develop a control system to compliment extremely advanced
mechanics in order to maintain balance in rough terrain.

Figure 2-1: Honda humanoid bipedal unit
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An eader option is to devdop a multi-legged, insect syled unit. A small-scded legged
insect mechatron has dready been developed a the University of Waikato (Lawrence,
2000, Figure 2-2). This unit employs two servo stepper units to actuate eech leg
forwards and backwards, as wel as up and down. Figure 2-3 shows the principle
movement design technique.

Figure 2-2: Insect style, legged mechatron

s Rotation orwi pta
rols Rotatio Forword Rotation

Downnvards Ratation Bockwnrd Rotation

Figure 2-3: Leg actuation principle

This technique could be replicated in a larger scded unit.  Either larger, more powerful
stepper motors could be used for the legs, or hydraulic/pneumatic rams could be used.
For any drive method, the key considerations would be both the power consumption and
weight. Due to the power required to generate three-dimensond actuation for each leg,
the unit would struggle to be able transport an adequate onboard power supply.
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Another disadvantage of a legged method is the speed with which the unit can
manoeuvre. For these reasons, combined with the fact that the Mechatronics Group has
dready developed a smdl-scaled unit, it was decided to explore other locomotion
mechanisms.

2.1.2 Radial Wheel Drive System

The eadest and most widdly gpplied method of locomotion is to use standard radia
wheds ether direct drive, or attached via a gearbox or reduction unit to an eectric
motor. There are many advantages in designing a drive system usng a wheded format,
including a wide range of pats avalable, a wedth of avalable desgns, and amost
limitless possible layout configurations. However, these advantages can be offset by a
number of reciprocating factors. ~ The Mecharonics Group of the Universty of
Walkato, has only developed one larger scale land-based mechatron in the padt,
christened MARVIN.

Although MARVIN was a dep closer towards the style of mechatron intended for
development for this project, it dso was based around a standard two wheedled, wheel
chair drive configuration. Figure 2-4 shows an illustration of MARVIN.

Figure 2-4: MARVIN — security research platform
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Whedchair Configuration:

As dated previoudy, the whedchar configuration is based around a two-wheded drive
system, requiring no further steering mechanism.  The unit is ale to manoeuvre by
controlling the speed and direction of both independent drive motors attached to each
whed. The grestest advantage with this configuration is the reduction in mechanical
parts, and especidly its ability to rotate fredy in 360-degrees within its own physca
peimeter. To mantain baance, this configuration requires some form of casters placed
90-degrees out of phase with the main drive wheds, to ensure the unit does not rock
backwards and forwards during travel. Figure 2-5 illustrates a standard two-wheded
configuration.

Independent Drive Motors

)

Figure 2-5: Standard two-wheeled drive configuration

The greastest disadvantage with this method is its lack of gability. To reduce the length
of protruson of the casters, the base of the chasss must be as close to the ground as
possible, thereby reducing the terrain and obstacles the unit can negotiate. The greater
the distance between the ground and the chassis, the longer and larger the casters have
to be. As the casters get larger, they reduce their ability to free pivot easly, especidly
on rougher, uneven terrain. In effect, they track much like an old shopping trolley. The
find disadvantage is the length, width, and height ratios With this method, the unit is
best based around a radid configuration, having an even length to width retio. If a greet
ded of eguipment is to be included, this can require the unit to become very tdl,
thereby having a large height to width ratio, reducing dability. This problem can be
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seen in FHgure 2-4 with MARVIN. Therefore, due to the issues previoudy discussed,
the whed chair configuration is not ided for irregular outdoor conditions.

Tricycle Configuration:

As with the whedchar configuretion, the tricyde layout involves two drive wheds,
with the addition of a steering whed. It is possble to have both the main axle and the
front seering whed driving, but normdly is driven soldy by the two drive wheds. As
with the wheelchair configuration, a drive motor can be atached to each drive whed
and controlled together, dlowing the third whed to fredly pivot, or a sngle drive motor
can drive both whedls. A single motor can be ether cruddly attached via a bet or chain
to a man axle, or idedly atached via a limited dip differentid, so as to reduce scuffing
on the tyres while turning. Figure 2-6 illusrates a standard tricycle configuration and

motor attachment.

Figure 2-6: Standard tricycle configuration and motor attachment

The greastest advantages for the tricycle layout include its increesed dability as
compared to the whedlchair configuration, and the possible reduction in the number of
drive motors required. The layout dso dlows for the unit to travd normdly in a
standard tricycle manner, or for incressed manoeuvrability, travel as a forklift would,
with the geering unit a the rear of the machine (forklift steering shown in Figure 27).
As with any design, these advantages in turn have corresponding disadvantages.  With
the increase in dability, the configuration can have its ability to manoeuvre reduced,
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especidly increasing the area required to perform a 180-degree turn if a sngle drive
motor configuration is implemented.

Figure 2-7: Forklift steering mechanism (rear whedl steering)

Further disadvantages include the increased mechanicd mechanisms required to drive
and deer the unit (sngle drive motor). With regard to the dahility, the tricycle
configuration is indeed more dable than the whedchar configuration, but would 4ill
not be sufficiently dable to negotiate gradients of moderate levels, while travelling
dong, or across the dope. The tricycle configuration could permit the unit to topple
when a line between a drive and steering whed runs perpendicular with a gradient,
causing the highest drive whed to lift and thereby dlowing the unit to roll.

Multi-Wheded Configuration:

The find option for radid drive sysem is to develop a mechaniam that has four or more
whedls. The grestest advantages in developing a multi-wheded drive sysem are the
increased stability, and the ability to decrease the loading per surface area of the whedls,
which would be dgnificantly beneficid in soft, loose, and boggy terrans.  When
envisoning multi-whedled robotics units, one might picture the Mars Pathfinder Rover
(lNlugrated in Fgure 2-8). This Sx-wheded unit was developed to overcome
unexplored terrain and conditions as a research tool for National Aeronautics and Space
Adminigration (NASA).
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Figure 2-8: NASA’sMars pathfinder rover

An ided multi-wheded unit would be dl-whed drive, with a dynamicdly adjugting
sugpenson sysem dlowing the drive wheds to independently contour to the terrain
while maintaining drive.  To turn, the unit can control the speed and or direction of
rotation of the drive motors in conjunction with an dl-whed <eering mechanism, to
reduce the area required to complete a 180-degree turn. Figure 2-9 shows the
conceptua design of a multi-wheded drive configuration.

All-Wheel Steering

Figure 2-9: Conceptual design of a multi-wheeled drive configuration

This type of sysem requires complex mechanics just to implement the suspension,
drive, and geering mechaniams.  When a multi-whed unit is to have more than four
whedls, and they are al desgned to drive, mechanisms need to be developed to reduce
dippage and scuffing on the centrdised tyreswheds. Complex control systems must
therefore be established to ensure that each whed’'s speed and angle of desring is
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independently controlled relative to the others depending on its pogtion, type of turn,
terrain, and direction to reduce dippage and wear.

2.1.3 Caterpillar/Tracked Drive System

The final option was to condgder a tracked drive method, smilar to that used in earth
moving and military based equipment. This was one of the most appeding methods for
severd reasons, including its uniqueness with respect to other previoudy undertaken
projects at the Universty of Waikato. Other benefits of such asystem include:

Increased surface friction — tracks decease the mass loading per surface area of
the device, enabling the unit's mass to be evenly didributed over a large area
Extremdy beneficid in soft and boggy environments.

Manoeuvrability — as with the whedchair configuration, a tracked unit can dso
perform a 360- degree turn on the spot viaindependently driven drive belts,

Stability — the length and width of the chasss can be dtered to reduce the height
of the unit so as to ensure the robot’'s centre of gravity is as low as possble,
thereby increasing Sability.

History — for years tracked equipment has proven itsdf both in industria and

military gpplications, across avast range of environments and conditions.

After researching smdl-scde (rdative to indusrid and military equipment) tracked
robotics projects, it became very clear that very few units had been developed as
compared to the other previoudy mentioned types. Feedback from academic inditutes
and research facilities indicated that the main factor for this was the lack of available
pats and desgns from which to manufacture a chassis and drive train.  This issue
would prove to be one of the mogt difficult and time-consuming problems to overcome.
Figure 2-10 illudrates a caterpillar drive sysem developed for sports utility vehicles
(one to be attached to each whed hub).
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Figure 2-10: Tracked drive system, developed for attachment to sports utility

vehiclesin snowy conditions

2.1.4 Implemented Drive M ethod

Taking into account al these consderations, it was decided to design and develop a
caerpillar tracked drive sysem to dlow the mechatron to optimise mobility in both
indoor and outdoor environments.

2.2 MOTIVEUNIT

In order to accurately decide on the type of motive drive unit, it was firs necessary to
develop guidelines with regards to required specifications. Listed below is an outline of
key factors consdered in determining the correct drive method and unit Szing:

Aswith any project at thisleve, expenditure must be kept to a minimum

The motors must run off either 12 or 24 Volts DC (VDC).

The motors mugt have sufficient power to drive up to 200kg while maintaining
an adequate output velocity (ranging from approximatey 0— 1.2 m/s).

The motors and any necessary gearbox units must not be of an excessve size.

The motors and drive train mugt be reidble, requiring minima maintenance.

The motors and drive tran mus trandate energy efficiently and smoothly,
alowing for accurate acceleration and steady Sate travel.
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2.2.1 Motor Selection

As dated in Section 2.2, the intention is to implement a DC motor drive that can run off
of ether 12 or 24VDC. Combined with the required load and velocities, this reduces
the number of viable options. Companies such as “Maxon” manufacture a wide range
of DC motors, including customised units with attached tachometers or encoders
dlowing for tidy motor/sensor integration.  Unfortunately, these benefits come a a
price, which surpassed the available budget for this project. Other drive units such as
stepper motors dlow great control and accuracy but smply cannot trandate the required

torque necessary to power the conceptua unit.

Therefore, the only viable option was to find an adequate permanent magnet DC motor.
Once again, due to both expense and ease of controllability, brush type motors were
chosen over brushrless units. In evauating a series of manufacturers and motor types, a
motor pair WMT90112 designed and developed by “Dynamic Controls Ltd”, a locd
New Zedand manufacturer of disability equipment were chosen. Two key factors aided
in the decison. The firg was tha the motor par was principaly designed for eectric
wheelchairs, and secondly, the units came with an attached reduction box. Listed below
are the whedl chair motor specifications:

Motor type Permanent magnet commutator 24 VDC
Power output (maximum) 230 W @ 65 RPM

No load current 33 A (maximum)

Continuous current 80A

Torque congtant 1.1 Nm/A

Maximum torque 44 Nm (40 A controller)

No load speed at motor shaft
Motor resistance

Typical backlash

Weght

Bearings

Parking brake type

55 Nm (50 A controller)
3950 RPM nomind

250 mwW

1.5°

5.5kg

Bdl race
Electro-mechanicd 24 VDC
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Parking brake hold torque <50 Nm at output shaft

Figure A.1 illustrates scaled dimensioned drawings of the motor pair.

A further advantage with these motors is that they come equipped with conceded
electro-mechanical brakes built in under the rear cowling of the motor. Although the
brakes will not be required under norma operation, they could be useful when
interfaced with a pitch sensor, to ensure the mechatron does not move when Sationary

on steep gradients.

Figure 2-11 illugrates the typicd performance characteristics for the WMT90112
whedlchair motors. Figure 2-12 shows the right-hand motor.

ek

| . - -1 kTR ]

Current [ADC] ERcaney [
Owuiput Povesr W] Spoesd [1imier]

Figure 2-11: Typical performance characteristicsfor the WM T90112 motors
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Figure 2-12: Right-hand drive motor unit

2.2.2 Gearbox

As can be seen in Figure 212 above, the gearbox unit has been designed to dlow the
motor to neetly fit into a cast deeve, producing a single integrated unit. The gearbox
attached to the whedlchair motors was designed to drive a small spur gear on the output
shaft which then runs on a planetary drive surface on the insde of the whed chair hubs.
Figures 213 & 214 show a dtandard drive configuration for an dectric whedchar, and
a planetary drive configuration respectively. This dud gep drive train initidly reduces
the motor’s output via the worm drive, and then reduces the find output again through
the planetary drive ring gesr.

/

Figure 2-13: Standard drive configuration for an electric wheelchair
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Figure 2-14. Standard planetary drive configuration

The gearbox itsdf consists of a worm gear pressed directly onto the motor’s drive shaft,
which in turn drives a helica gear. Fixed to the same axle as the hdlica gear is a amdl
pinion gear that drives onto a larger pinion gear atached to the perpendicular out drive
shaft from the gearbox. The second pinion gear is spring loaded, acting as a type of
“dog-clutch”, operated via an externa lever on the top of the gearbox (illustrated in both
Figure 2-12 and Figure A.1). This configuration produces a sgnificantly geared down
perpendicular output. Figures 2-15 & 2-16 show the internd configuration of the
gearbox, and aworm drive configuration respectively.

Figure 2-15: Internal gearbox configuration
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Worm Gear

Hdlicd Gear

Figure 2-16. Standard worm drive configur ation

The worm gear pressed onto the motor turns three teeth per revolution (has an Outer
Diameter (OD) of 16mm), which then drives a 37-toothed hdica gear (OD of 49mm).
This configuration generates a reduction retio of Nworm = 12.33:1. A pinion gear with 12
teeth (OD of 29mm) is attached to the hdicd gear, which in turn drives onto the output
shaft from the gearbox via a 32-toothed pinion (OD of 67mm). This second stage
gearing generates a reduction ratio of Npinion = 2.67:1. Combining both the first and
second stage outputs via Equation [2-1] caculates the overdl gearbox rétio.

N gearbox = Nuorm ™ N pinion

=1233:1* 2.67:1
=32.89:1

Eqgn. [2-1]

As per Section 3.3.3, a 15-tooth drive pulley (in effect a planetary gear), is coupled to
the output shaft. This gear drives directly onto the teeth that are on the inner surface of
the tracks. In effect, the tracks become a large dynamic ring gear with 180 teeth around
the internal perimeter. The reduction ratio fom the drive motor’s output to the tracks is
cdculated usng Equation [2-2]:

&N 0 806
N = ELCKI* Ngearbox = ?‘_9* 32.89 Eqn [2'2]
N planetaryﬁ e 15 7]
=39%4.33.1
where: N =reduction ratio

Nirack = gearing ratio of track
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Nplanetary = gearing ratio of planetary gear head

Ngearbox = gearing retio of complete gearbox

For every revolution of the track, the motor must turn just over 394 revolutions.

2.3 POWER REQUIREMENTS

Once a drive system and associated motive units had been decided on, it was necessary
to determine those peripherds (such as sensors) and other dectronics that would
produce a functiond unit. Together with the drive equipment, this would dlow for the
unit’ stotal power consumption to be evauated.

2.3.1 Generalised System Requirements

This project has been developed to be the foundation for an advanced indoor/outdoor
multi-terrain - autonomous  robot, and S0 dlowances should be made to facilitate
peripheras which may be added in the future. For this reason, dl systems are to follow
a modular design, alowing each component/unit to be independent from the others, and
integrated with the entire system via a Centra Processing Unit (CPU).

To act as the man “bran” of the unit, it was decided to include a full compuiter,
dlowing for dl peripheds (induding sendng equipment, indruments, and motive
controls), to be controlled via a Data Acquistion (DAQ) card interface. This would
dso dlow sub-processors such as micro-controllers to integrate with the other systems,

while maintaining a certain degree of independence.

Other sub-sysems for the unit could eventudly include a full aray of sensors s0 the
unit would be able to detect obstacles, changes in terrain, measure distances travelled,
manoeuvre with respect to reference points, correct br dippage, and many more. With
future devdopment in mind, the unit must have the &bility to adequatdy house
interface and power this equipment.
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2.3.2 Battery Selection

As dated in Section 2.2.1, the unit requires a 24 VDC power supply. This together with
possble future additions implies that a large onboard power supply is required.
Idedlly, as with an dectric whedchair, two 12-volt deep cycle batteries would be run in
series.  Due to both the cost and the irregular cycling of the batteries during the
prototyping stage, deep cycle batteries are not the best solution. Instead two heavy-duty
lead acid batteries would be more than adequate during development. At a later stage
these batteries could be swapped for deep cycle units to increase running time.

In deciding on the Sze of the batteries, it is dedrable to have enough capacity for the
unit to run for at least one hour. The continuous current drawn by each motor is listed
as 8A, dthough this can reach as high as 10A (experimentdly). The other mgor power
user is the main computer, which draws (on average) 6A, with an efficiency raing of
between 85 — 90 percent (ATX power supply rating), generating a maximum theoretica
dran of gpproximatdy 7A. The remainder of the peripherads would have very litile
loading, being indgnificant as compared to the motors and computer.  Allowing 2A for
additional equipment, the total current drain should not exceed 29A a any given time.

In sdecting the batteries, it was important to find a unit that preferably met or exceeded
a one-hour delivery time a 29A. For performance per dollar the following battery pair

was chosen to power the unit during the development phase:

Manufacturer: Marshall Betteries
Model: NS70
Number of Plates: 13
CCA: 620 A
RC: 135 minutes

CCA = Codd Cranking Amps. This is an internationdly recognised standard for
accuratdly determining the true battery performance. It is the discharge load in amperes
which a fully charged battery a -18°C can ddiver for 30 seconds and mantan a
minimum voltage of 1.2 volts per cell.
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RC (m) = Reserve Capacity (minutes): Isthe time in minutes that a new fully charged
battery will supply a congtant load of 25 amps at 25°C without the voltage faling below
10.5 voltsfor a 12 volt battery.

With the battery characterigtics listed above, the robotics unit should be able to remain
operdtional for 108 minutes at maximum power consumption rates (assuming linear RC
rating per A/min). If the unit operates under norma load conditions, the power
consumption rate could drop to as low as 60 percent of the maximum, increasng the
operating time to up to three hous. These operating times do not deep-cycle the
battery, hence these batteries could be expected to perform for many years.

Figure 2-17: Marshall Batteries— NS70 lead acid battery

2.4 SENSING OPTIONS

For any mobile robotic unit to operate autonomoudy it must be able to detect and
interpret its surroundings. To do so it needs to be able to gain accurate information on
its environment and have the means to decipher the data so that intelligent decisons can
be made in its operating process. For a robot that will operate in both indoor and
outdoor environments, its sendng ability becomes even more critica, as reference
surfaces such as walls and doorways are not dways available.

The key congderations in developing the sensor array for this project included:
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Obstacle detection
Location

Tracking control
Course correction

Terrain detection

Obgtacle detection is divided into two sections, long and short range sensng.  The
folowing sub-sections outline two proximity and obstacle sensing options for both long
and short range respectively.

2.4.1 Ultrasonic Sensing (long range)

Smdl ultrasonic sensors such as the Honeywdl AE18mm  Pezo-dectric  ultrasonic
transducers can be used to detect objects up to 5 metres away. Ultrasonic sensing is
generdly configured using an emitter and detector pair. A known high frequency signd
is produced via an oscillator through the emitter (40 + 1 kHz). The recever waits for a

returning reflected Sgnd, which it can measure to determine the distance to the object.

To reduce interference from externa noise, band pass filters can be included after the
recdver to provide a narow window for the frequencies of interest.  The
emitter/detector transducers can be focussed using focussng caps and attenuation
oylinders to improve the range of the sgnd window. This will be a compromise
between imprecisdly detecting more obstacles over a wide range, or precisdly detecting
fewer obgstacles over a amdl fidd. Focussng ceps cover the trangmitting ultrasonic
transducer and contain two smal holes about the centre line & a haf-waveength (72)
separation.  This generates an attenuated output wave from each aperture, Smulating
two separate emitters (Taberner, 1994). The attenuation cylinder is a tube that fits over
the receiver, and extends forward. This cylinder is used to focus the receiver by only
dlowing returning sgnas within a narrow acceptance angle to pass indde the aperture
of the focussng cylinder. Figure 2-18a and Figure 2-18b illudrate the focussng cap
and atenuation cylinder respectively.
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A E H!!l.:\.'l‘-l\.'l Cylinder {Cross Section)

a) b)

Figure 2-18: a) Ultrasonic focusing cap, b) Ultrasonic attenuation cylinder

When an object is detected, the unit can only determine the distance to that object, not
the lateral pogition, nor necessarily the number of objects. If ultrasonic sensors are to be
implemented in this project, two indegpendent ultrasonic units would be required a both
the front and rear. This would permit the sensing pairs to be able to have narrow focus
windows, dlowing the centra computer to determine a degree of laterd postion of
objects. Figure 2-19 illustrates an arrangement of transducer pairs to better locate the
pogition of an object. The three zones dlow the vehicle to determine if an obstacle is to
the l€ft, right, or centre.
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Figure 2-19: Dual ultrasonic transducer pair positioning to detect three zones

An dternative configuration would be to have a centrdly podtioned emitter with a

sries of receivers on either dde.  Both configuration options would produce smilar
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results. Two units dso dlow the gpproximate angle of incidence to a plane surface to
be evaluated (illugtrated in Figure 2-20).
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Figure 2-20: Detecting the approach angle of incidenceto a wall/large obstacle

Two dgnificant dissdvantages are associated with reflected waves from  ultrasonic
transducers. The fird is its tendency to reflect sound off of an object that exceeds the
maximum acceptance angle of the receiver. Secondly, an object can cause a Signd to be
reflected generating a fdse reading. Path A in Figure 2-21 illudrates a sgnd being
reflected off two surfaces, and consequently being prevented from returning to the
detector. Path B in Figure 2-21 shows a signd originating from transducer par 2,
reflecting off two surfaces and being detected by the opposing transducer pair 1. This
dtuation generates the illuson of an obsacle being a postion ‘X', implying that the
wall itsdlf is not detected.
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Undetected Signal

Path B False Detection of an
Obstacle at Position ‘X’

False Signal Wall

Detectlon

Figure 2-21: Incorrect detection of a secondary obstacle

Environmental operating conditions, such as dugt, mud, and water, could sSgnificantly
reduce the quality and accuracy of the ultrasonic Sgnas.  For these reasons, ultrasonic
sensing is not to be implemented in this project at this stage of development.

2.4.2 Infrared Sensing (short range)

Infrared sensors operate by transmitting electromagnetic radiation in the infrared (IR)
soectrum.  Similar to ultrasonic transducers, the IR system comprises an emitter and
detector pair.

The IR dgnd is tranamitted from an emitter, and a matched detector scans the reflected
dgnds to meesure the difference in returning intendty.  The returning Sgnds ae
filtered to reduce interference from ambient and artificia light, then processed to
determine the distance to an object. IR sensing has a narrower detection window than
ultrasound, and hence can more accurately gpproximate the latera postion of an object.

The mgor disadvantage of this is that a series of emitter/detector pairs are required to
scan in front of a large face to ensure there are no ‘dead bands (undetectable regions).

Figure 2-22 illustrates an undesirable IR sensng aray, whereby obstacles can pass
undetected through ‘ dead bands' .
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Figure 2-22: Undesirable IR sensor configuration, dueto narrow sensing window
2.4.3 Tactile Sensing (extremely short range)

Tactile sensng is a method of detecting obstacles that make direct contact with a
device. Ingruments such as feders and extended arms are connected to spring-loaded
switches or contacts. When an obgtacle makes sufficient contact to displace a
connecting am to the point where the deflection causes a short circuit on a switch, a

ggnd is tranamitted and the obstacle is detected. Increased sensing intelligence can be

added to protruding federdarms, which can detect the changes in deflection on the
feders, and thereby the approximate location of the obstacle along the sensor.  Although
this is the crudest of the previoudy mentioned sensng methods, it is the mogt postive
and reliable technique. Spring loaded ‘bump bars can be attached around the perimeter
(connected to micro switches) of amobile unit to act as afind backup-sensing device.

2.4.4 Laser Range Finding (long range)

The advantage with laser range finding is the potentid for high measurement speed and
accuracy over a greater distance than the IR and ultrasonic systems previoudy discussed

(Sections2.4.1 and 2.4.2).

A number of different laser range finding techniques can be employed including:
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Interferometry

Frequency modulation

Beam modulation telemetry

Time-of flight

Intensity mesasurement of reflected sgndl
Triangulation

Interferometry:

Interferometry is based on the interference of two eectromagnetic waves tha have
traveled different path lengths — a reference path and a target path. When the target
path is digplaced from its initid reference location, the resulting change in the number
of interference fringes indicates the relative digance the target has moved. Although
interferometry is one of the most accurate methods, it requires a retroreflective surface
and a continuous line of dght with the target. Nether of these requirements can be

guaranteed in an outdoor environment.

Frequency Modulation:
The frequency modulation method modulates an eectromagnetic carrier wave usng a

periodic 9gna. When the reflected frequency is mixed with a reference frequency, a
beat frequency is produced. By measuring the beat frequency, the distance to the object
can be measured. This method requires precise linearity, repeatability, and control of a
periodic Sgnd, which is often difficult and requires sophisticated equipment.

Beam Modulation:

Beam modulation uses an amplitude-modulated electromagnetic wave as a source, and
measures the phase difference between the source and the reflected sgnd. From the
difference in phase, the distance to the reflective surface can be determined. If the time
dday of the reflected sSgnd is grester than the modulation wavelength, the phase
measurement becomes ambiguous. Sophisticated phase-shift eectronics are required to

achieve reasonable accuracy.

Time-of-Flight:
A time-of-flight configuration measures the time an emitted pulse takes to travel to and
from a reflective surface.  As with beam modulation methods, sophisticated equipment
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IS necessary to obtain adequate accuracy due to the speed of light. For a range
resolution of 1cm atime resolution of 67ps (67 x 10 *2s) is required.

Intensity M easur ement of Reflected Signals:
This technique is based on the same principle as used for the IR sensors (Section 2.4.2).

Active Triangulation:

Active triangulation uses a Charge Coupled Device (CCD) of a camera to measure the
offset of a beam (generated by a laser) from a central axis. At a known separation
disance and angle, the CCD array detects the beam from the laser aong its centra axis.
As obstacles pass in front of the line-of-9ght of the emitted beam, the offset of the
image within the CCD aray corresponds to a change in angle reative to the centrd
axis. This deviation can be used to determine the distance to the object. Figure 223
illudtrates the configuration.
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Figure 2-23: Activetriangulation ranging system

As an active triangulation laser range finding unit has dready been successfully
developed by the Mechatronics Group (Hurd, 2001), a smilar design is intended to be
incorporated in the multi-terrain vehicle with a rotating stepper motor mount to alow
360-degree scans.

The advantages of alaser range finding device include:
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Sdf contained assembly

Not relying on the incident angle with respect to the obstacle
Broader scanning abilities (360- degrees)

Additiond range (up to 10m)

2.4.5 Navigation

For an autonomous mobile device to be able to operate effectively, it must be able to
determine its podtion and have the means to navigate varying environments. This
becomes even more important when a device is to operate outdoors where proximity
equipment is unable to detect localised obstacles such as corridors and wals. For such
environments, additiona equipment must be consdered.

2.4.5.1 Compass

A compass is an essentid navigation device that uses a globdly recognised coordinate
system to identify direction. The compass can be used to follow a path and additiondly,
the steering mechanism can be interfaced to sdf-correct for any unwanted deviation to
the course via a feedback loop. The compass therefore not only acts as a stand-aone
navigation device, but dso generates a means to ensure a draight heading is mantained

during norma operation.

2.4.5.2 Global Positioning System

The Globd Pogtioning Sysem (GPS) is a satdlite based navigation sysem conssting
of a network of 24 sadlites (illustrated in Figure 2-23) that were placed into orbit by
the United States Department of Defence.  In the 1980's this group of satellites
(origindly for military gpplications) were made avallable for civilian use.

Twice a day, each sadlite ohits the earth, continualy transmitting a low power UHF
157542 MHz sgnd. GPS receivers can detect these dgnas from multiple sadlites
and measure the period between the transmitted and received times. Via triangulaion

of three sadlite dgnds, the recever can determine its 2D postion (latitude and
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longitude) and track movement. When four or more satellites can be detected, the
recever can determine its 3D podtion (latitude, longitude, and dtitude). Once the
receiver’s podtion has been determined, the system can caculate the heading, distance
travelled, speed, and distance to and from designated positions (coordinates).

By combining coordinate waypoints into a mobile unit's navigation sysem, a GPS can
plot a course, sdf-adjusting its heading and veocity to coincide with the red-time
feedback from the satdllites.

Figure 2-23: Network of 24 satellitesfor the GPS

With most modern multi-channel recalvers, accuracy is mantaned within 15 metres,
but is generdly less. A Differentidl GPS (DGPS) can reduce errors to between one and
three metres on average (Furuno Electric Company, 2000). DGPS is operated through
designated dations, which receive a dgnd from the GPS network, caculate the error,
then transmit (via radio sgnd) a correction factor. The DGPS system not only requires
a different GPS receiver (has an additional radio antenna integrated), but in New
Zedand requires a payable annual subscription to teke advantage of the service which
has very few relay stations around the country.

2.4.5.3 Reference Transponders
Reference transponders are not dissmilar to the concept of DGPS except that they

amply trangmit a continuous sgnd that dlows a unit to determine its location relative
to the ggnd. Staions can be indaled within an operating area to tranamit reference
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coordinaes to a vehide  This sydem has the disadvantage of requiring externd
equipment for accurate navigation, thereby limiting the operating range.

2.4.6 Additional Sensing Equipment

An essentid pat of manoeuvring a mobile device is not only avoiding obgacles, but
aso ensuring that the path being travelled does not exceed recommended operating
parameters.  Additiond sensors must be ingaled to ensure that the motors are operating
correctly, traction is being maintained, and that the surface contours and gradients will

not cause the vehicle to capsize.

2.4.6.1 Shaft Encoders

This is smple method of determining the speed of a device and therefore the distance
travelled. Shaft encoders generdly condst of a coded whed (a disk with a series of
evenly spaced holes around the perimeter) attached to the drive shaft. As the drive shaft
rotates, a photonic sensng unit detects the number of holes that pass through its
gperture, which can be used to detect both the speed and direction of rotation. Although
this sysem is prone to accumulative errors due to deviations in terran, tyreftrack
diameter, and dippagelloss of traction, it is an invduable tool. When integrated with
other previoudy mentioned sensng systems, shaft encoders can ad in the cdibraion
and control of the drive unit.

2.4.6.2 Yaw and Pitch Sensors

The gradient/dope of the terrain being travelled can be detected by the implementation
of a Yaw and Ritch Sensor (YPS). The primary function of the YPS is to ensure that the
unit does not roll due to steep or uneven terrain.  Origindly YPS were configured
aound a mercury switch desgn, but have recently been developed usng solid-state
devicesto generate incrementd feedback within a 3D plane.
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3. MECHANICAL DESIGN AND
CONSTRUCTION: TRACK MODULE
DEVELOPMENT

The shift from wheds to a caterpillar drive train will dlow the unit to manoeuvre over
and around a greater variety of terran. It will dso increase both torque through what in
effect is a lage planetary drive sysem, and additiona traction from the increased
surface friction generated by the long wide dud tracks.

Taking advantage of a wide range of research fadilities, induding academic inditutes,
local industry, and the Internet, it became agpparent that there were no smdl-scale pre-
menufactured caerpillar drive units avalable.  The units that were avalable on the
market, were both large scae (industry related eath moving equipment), and very
expensve. The few smdler scade units that were attainable, were cruddy designed,
manufactured from lightweight materias, and designed for specific goplications.

For the reasons outlined above, it became agpparent that a custom manufactured unit
would be necessary to fulfil the requirements of the project. Initidly the dedgn
criterion was generd and limited. Key factors in the design included drive belt
dimengons for the tracks, motor specifications, and required energy source to power the
unit and peripherds.

A key condderdion in the prdiminary development stages was to develop a foundation
for an autonomous modular unit, which would have the capacity to house and integrate
a vagt range of future research equipment. With this in mind, it was intended to develop
a unit which had the presence of a large-scde robot with provison for future
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peripherds, yet could manoeuvre itsdf through dandard interior passages, enabling its
range of gpplications to be as diverse as possible.

3.1 CONCEPTUAL TRACK MODULE DESIGN

When dating to develop the conceptud desgn of the track modules, five main
attributes had to be implemented. The first step was to decide on a method to locate the
tracks independently to the main chasss. There had to be a mechanism to tenson the
bets, enabling them to be inddled and removed without dismantling the unit. The
units had to be designed to negotiate obstacles. The tracks also had to be able to be
displaced over and aound obdacles while maintaining track tenson. A drive
mechanism had to be fitted to dlow direct atachment to a gearbox and motor.

The requidte functiondity listed above required Sx main units.

Enclosed cavity to locate the mechanics

Track tensoning unit

Drive axle

Bogie unit to adjust to terrain contours

A unit tha would dynamicdly adjus the track tenson depending on belt

displacement.

The following sections discuss and judify the design and manufacturing atributes of
each of the generdised units lised above, in conjunction with parts and materids
section.

3.1.1 Drive Belts

The firg consgderation for the desgn was the avalability of drive bdts and pulleys to
act as tracks. Avallable pre-manufactured caerpillar styled tracks are both too large,
expensve, and not ided for my project. Standard automotive belt’'s where both too
narrow and had short radia lengths. The fina option was to look a conveyor and super
charger bets. A locd Hamilton supplier had access to a vast range of belts and drive
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products, and dso had the ability to custom manufacture belts around standard tooth
and drive configurations. With one of the largest redrictions being cod, the avaladle
bet and drive permutations were dgnificantly reduced. To reduce both the weight and
cog of the drive tran, composte polymer drive pulleys were used indead of smilar
ded or dloy units. Furthermore to the origind conceptual design, a two point return
rotation for the belt was required, thereby dlowing a series of smdler diameter pulleys
to be used, reducing the acute angle of the bet over the pulleys and enabling the unit to

more easly climb and manoeuvre over obstacles (Figure 3-1).

Figure 3-1: Two poaint return rotation of track’s (60-degr ee leading edge
differential)

Any less than a 60-degree differentid between the bottom and top pulley would have
reduced the robot's ability to easily climb over obstacles. If the angle were to be
increased it would have amplified the acuteness of the bdt on the upper pulley,
restricting the thickness on the track.

The tightness of the curve around the upper pulley was a key consderation. The pulley
diameter had to be as large as posshle, while a the same time not incressng the
verticad height between the axles too greatly. This is to ensure the vehide's centre of
gravity is as low as possble and thereby increasing its sability over rough terrain. The
largest composite polymer drive pulley obtainable that would cope with the foreseen
loading was a 59 mm diameter (messured from the extremities of the teeth) H
configuration unit manufactured to order by Stagnoli Ltd in Itdy. This pulley can cope
with an axia loading of up to 500 kg, with no hollow cavities, dlowing for a number of
machining modifications to be carried out without affecting the integrity of the origind
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desgn (Composte Polymer Pulley illusrated in Figure A.2). The centre point came
pilot bored (@10mm) dlowing for a customized drive shaft to be fitted and keyed. The
keyed drive pulley isillustrated below in Figure 3-2.

Figure 3-2: Keyed A259mm H-tooth configuration polymer drive pulley

Based on the pulley’'s H-tooth configuration, there were a number of suitable belt
lengths avalable. This number was reduced by the belt lengths that could be obtained
with varying widths During the initid conceptua design phase, it was envisoned that
the robot would be approximady 1000mm in length, and 700mm in width, standing
approximately 600 — 700mm high. Idedly the tracks needed to extend dong the entire
length of the robot. Therefore the track’s radid length would have to be between 2.1 —
2.6 metres.  Unfortunately there were only two bet lengths avalable within the range
suggested above, 2100mm and 2300mm interna radid length. To optimise the unit's
length, the 2.3-meire belts were chosen. Idedly the tracks would have been more
gopropriate if they were manufactured to 100mm in width, but this was redricted by
both the budget and the pulley dimensons. The drive pulleys have a fixed drive surface
width of 28mm. Placing two pulleys face to face dlowed for a 56mm bdt. This
distance could be safdly packed out to 75mm, but a 100 mm bet could cause the track
to lose drive due to only 56 percent of the belt being in contact with the drive surface.
For this reason, the 2.3 metre, 75mm  H-type drive belt was chosen.

The second condderation was modifying the belts to clear the guide flanges on the
pulleys. In their origind date, the drive bdts only have a 3mm wal thickness from
outer surface to tooth trough. The pulleys have a flanged guide of 7.5 mm from the



Mechanical Design and Construction: Track Module Development 39

crest of the teeth to the outer edge of the guide flange. There was therefore, a deficit of
4.5mm to bring the bet surface out flush with the pulley’s guide flange. To overcome
this problem an additiond 10mm of medium dendty high qudity vulcanised rubber was
laminated onto the outer surface of the bet's  The laminated bet profile is illustrated n
Figure 3-3. This surface now cdlears the pulley’s guide flanges by over 4mm, and dso
dlows for a further treaded surface to be laminated over the 10mm addition, if required

for further traction in outdoor environments.

T S s

Figure 3-3: Side prafile of the H-Type transmisson bet (black), with an additional

10mm of high quality vulcanised rubber laminated to its outer face (orange)

Once both of the tracks and pulleys had been decided upon, the horizonta and vertica
disgances between pulleys were adjusted to optimise both the bdt length and drive
cgpabilities of the unit. Targeting a one-metre distance between the extremities of the
upper pulleys, and a 60-degree incline between upper and lower pulleys produced a
vertical distance between upper and lower pulleys of 180mm (centre to centre). These
generd dimensons generated a foundation from which to develop the more intricate
tensoning and running system to ensure constant drive and belt tension integrity.

3.1.2 Side Plates

After developing the track geometry it was necessary to decide on a method to mount
and house the guide and drive pulleys. Idedly each track unit would be independent
from the other, desgned and built in a modular fashion. This would ad in both
condruction and assembly. To incorporate the characteristics listed above, two solid
ded dde plates were manufactured to sandwich each track. The two plates would
locate and protect dl of the pulleys, bearings, and internal mechanisms. The plates
were desgned to follow inside the profile of the ideal track geometry, so as not to foul
or redrict the bet's traction. As a compromise between weight and strength, the sides
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were desgned usng 4mm mild sed plae. This gave adequate strength and support
while minmizing ay ripple over the large flat surfaces. 4mm plate would dso dlow
for a saries of dots and holes to be inserted without affecting the integrity of the
surfaces.  The find consderation was the geometry of the base surface. This surface
could not remain flat between the two bottom pulleys, as there would be no clearance
when the unit was to run over an obstacle, causing the track plates to foul. Therefore it
was decided to cut away the bottom surface in an arc, generated tangentialy from the
clearance arcs around the two bottom pulleys. The curve had to be sufficient enough so
that when the track’s tensoning unit was to bottom at its operating extremity, the sde
plate would remain indde a smooth arc generated by the track between the two bottom
pulleys. It was essentid that the curve was of a sufficient radius, yet enough side plate
remained S0 as not to impinge on the integrity of the design.

3.1.3Base Arc

The three key consderations on the sze of the cutaway were the way in which the track
modules were to be attached to the main chasss, the maximum arc the track could make
if the front diding axle was to bottom on the guide dots, and the centre of rotation for a
bogie unit, which would run in between the two bottom guide pulleys. The firg
condderation was to plot the curve obtained by bottoming the front diding axle.  This
gave the maximum possble theoretical cutaway, dthough impossible once a bogie unit
was ingdled.

The second condderaion, involving the postion of the chasds atachments, was the
mogt criticd as far as the design was concerned.  Idedly the height from the ground to
the undersde of the main chasss had to be maximised, 0 as to increase the height-to-
width ratio in between the track modules. This would reduce the chance of the unit's
chasss fouling itsdf on obgdacles and thereby alowing the unit to trave over rougher
teran. The difficulty with having the base of the man chasss dating high on the
track module's side plates, was that it reduced the distance between the lower and upper
verticd fixing points on the chasss. If this distance was too smdl it could cause the
track modules to have a spreading effect from top to bottom, especidly if the loading on
the chasss became high. These concerns, combined with the conceptud postioning of
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the bogie unit, resulted in a compromise on the height of the arc. Therefore, the Sde
plates were desgned with a tangential arc in between the base pulleys with a radius of
954mm.

3.1.4 Laser Profile Cutting

Laser cutting was chosen over plasma, due to both the accuracy and finish. When the
plates were cut they were flawless and therefore required no machining. Figure A.3 and
A4 illusrates the find drawings of the inner and outer track module Sde plates
(TMSP). Figure 3-4 below shows the outer side plate of the finished track module.

Figure 3-4. Completed internal side plate of track module

3.2 DYNAMIC VARIABLE TRACK TENSIONING UNIT

The key component of the track’s drive unit is a variable tendoning unit.  After
developing the intended track geometry it was necessary to develop a mechanism that
would alow the drive bets to be inserted and removed with ease from the track and
pulley configuration. The unit was intended to activdy compensae for any
displacement change in the track’s shape while negotiating obstacles, so as to contour
itsdf over and around the surface of the object to maintain a condant tenson. To
implement this design, a unit would only need to be fitted to one of the four main pulley
extremity points. For practicaity of the design, the tensoner was to be postioned on
the upper pulley opposing the main drive pulley. By placing the tensoner on the upper
guide pulley, it aso reduces the acuteness of the bet rotation when the bet
displacement is dtered. The find consideration was developing the unit so that the
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tenson could be dtered when the tracks were both on and off, in a congtantly accessible
fashion.

In implementing the tensoning unit, the upper pulley opposng the drive shaft was
designed to run in guide dots in the Sde plates. Each dot was angled a 30 degrees to
bisect the track’s leading edge, so that equalized pressure was generated on the pulley’s
shaft during changes in track displacement.

The tendoning mechanian condds of two man sections. The fird is the man unit,
which dides dong the guide dots in the track modul€'s outer plates and holds the front
axle and pulleys in podtion. The front diding mechanism was origindly congructed
from five pieces. It condgts of two dide plates (50x6mm plate), two guide rods
(120xAE12mm), and a one spacer, which dso acts as a guide for the ends of the
tensoning bolts (50x12mm plate). The two guide rods are centrdized lateraly across
the dde plates, and are separated longitudinaly by 60mm (centre to centre). This
digance is great enough to reduce the laerd force on the guide dot, dlowing for a
smooth dop free action. At the same time it reduces the required length for the guide
dots. The guide dots needed to be postioned close enough to ensure the tracks can
have adequate tenson agpplied, and long enough so that the tensoner can be released

enough to remove the tracks without disassembling the track modules.

Each of the two sde plates are 240mm in length. The extended length is required so that
in the unusud circumstance tha the top guide rod was to bottom on the top of the
running dot, there was enough length on the tensoner’s sde plates so that an opening
would not be ®en. The guide dots are 113mm long, therefore from the front of the first
guide rod to the end of the dde plates is 130mm giving a 17mm buffer. The extended
length of the Sde plates dso gives a greater guide distance for the adjustable tensioning
plate, which runs on the two tensoning bolts.
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3.2.1 Congtruction of the Front Sliding Axle Unit

The two sde plates illustrated in Figure 35 below were cut to length (240mm), then the
three ZA£12mm holes were bored for both the guide rods and front puley shaft. The front
pulley shaft hole was used to fix a temporary bearing to enable the leading edge to be
ground round in the lahe. The machining was performed by mounting the temporary
bearing in the tool pod, and running a A300mm grinding one in the chuck. This
alowed for an accurate controlled radial grind of the sde plates about the A12mm hole,
generding a perfect 25mm radius curve. The other two-guide rod holes were counter
aunk on the inner surface usng a A18mm drill.  This dlowed for adequate gulleted
surface to fill with weld to bond the guide rods to the Sde plates.

Figure 3-5: Customised side plate of the front diding axle unit

The spacer that separates the two side plates was cut to 94mm out of 50x12mm flat bar.
This spacer dso acts as guide locators for the ends of the tensoning rods. The guide
holes were bored to A14mm centred axidly, 15mm from each end. Figure 3-6 shows
the layout of the components of the front diding axle unit prior to welding.

Figure 3-6. Component layout of the front diding axle unit, prior to welding
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3.2.2 Welding

For ease of congruction, the spacer was placed between the two guide rods, hard
againg the trailing edge of the front rod. In conjunction with a temporary brass spacer
held in the AA12mm holes of the sSde plates (illustrated in Figure 3-5), this enabled
several spot-welds to be completed using a TIG weder while ensuring the correct
separation between the plates.  While welding, the guide rod overhang on ether sde of
the plates had to be mantaned. Once the spot-welds were completed, and both
measurements and squareness were rechecked, full length gullet welds could be
completed dong al eght edges that were in contact with the sde plates. Full radid
gullet welds were aso completed around the guide rods in the inner surface of the sde
plates 0 asto fill the counter sunk gullet.

By only welding the guide rods to the inner 9de plate surface, it ensured tha the front
axle tendoner unit would dide fredy between the two Sde plates within the guide dots
without any fouling welds. Once dl weds were completed, the inner sections of the
guide rods were cut off and ground flush with the inner surface of the sde plates, 0 as
not to foul the tensoning bolts that would be located in the holes in the spacer plate. By
cutting the rods after welding, it was eader to ensure the sde plates remained pardld,
and the guide rods remained perpendicular to the Sde plates. Figure A5 illudtrates a
scded dimenson drawing of the front diding axle unit. Fgure 3-7 below shows the
completed front diding axle unit.

Figure 3-7: Completed front diding axle unit
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3.2.3 Track Tensioning M echanism

The second mechanism is concedled between the TMSP.  This unit congsts of a fixed
plate housng two tensoning bolts, which dso acts as locators for the main tensoning
gorings.  The unit has been designed to bolt between the track modul€'s two sSide plates
usng four M10x25mm bolts. This unit runs in line with the guide dots and is designed
to adjugt the tendon on the springs reacting againg the front diding axle unit by moving
a plate that runs on the threads of the tendgoning bolts, bridging across both bolts to
ensure even pressure is being goplied to both springs.  Due to the intricacies of the unit,
there were no bolts available to modify to suit the design, so customised bolts were
manufactured from 5/8” United Nationd Fine (UNF) threaded rod. It was necessary to
ue UNF threed to dlow for extremey fine adjusment as the two bolts are
interconnected via a short threaded pressure plate, reducing the independent movement
that can be exerted on any one bolt prior to adjusting the other.

3.2.4 Bolt Fabrication

The 5/8” UNF threaded rod is only available in one-foot lengths. These rods were
shortened to 220mm, which gave adequate length from the indde of the base curve of
the TMSP to the point where the front axle unit is a& is maximum tenson point. Both
ends of the rods were then faced in the lathe, with one end bevelled at 45 degrees down
to 5mm to act as a weld gullet. The find 55mm of the other end was machined down to
A12mm, 0 tha it could fredy dide indde the 14mm diameter holes in the front axle
unit (Note 2mm was dlowed for misdignment during tensoning adjustments). Prior to
welding the nuts on the rod ends, both faces were chamfered off to reciprocate the rod
ends so as to increase the weld gullets.  The nuts were then welded to the threaded rods
on both the inner and outer surfaces, building up the weld so that it finished proud of
both faces. By filling the gullets proud, it enabled the welded bolts to be re-faced in the
lathe, to give a smooth, flush, finished surface.
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3.2.5 Tensioner Bolt Locating Plate

The bolt location plate was designed in conjunction with the tensoning mechaniam, so
that the tendoning bolt heads would maintain their location irrdevant of the tenson on
the front axle unit. This plate had to be substantial enough in depth to dlow for the unit
to be bolted in between the TMSP, and to reduce the lateral movement from the front to
back faces. For reasons previoudy stated, a 50x20mm plate was used, cut to 107mm to
maintain pardldism between the TMSP. To locate the plate in between the TMSP, two
ABmm holes were bored to 25mm, centred 9mm from each end dong the centreline.
These holes were bottom tapped to M10x1.5 thread, enabling the unit to be located
using four M10x1.5%25 bolts. Two holes were then bored in the main face to locate the
large manufactured tensoning bolts. These holes were positioned 23mm from each end
adong the centrdine, and bored to A18mm to dlow for an overdl clearance of
2125mm. The large dearance is to dlow for any misdignment that may occur during
tendoning, and to give a buffer during eectroplating. Figure 3-8 below shows the
manufactured locating pleate.

Figure 3-8: Tensioner bolt locator plate

3.2.6 Final Tensioning Unit Assembly

The find assembly involves welding a second nut on the inner face of the block to
encdble the tendoning bolts to maintain their location, yet rotate free in the housng. As
the inner nuts will have dl the pressure gpplied (acting as a thrust bearing on the block
due to the spring’s reaction), they need to be able to evenly digtribute the force over as
large an area as possible to ensure that the tensoner bolts maintain a free action. For
this reason, large AE1-¥7'OD (A5/8'ID) washers have been placed againg the inner
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block surface prior to the inner nut. A smooth round rebated surface on the inner face
of the thrust nut (inner) was machined, to ensure there is no grabbing action generated
by the hexagond corners on the nut. Figure 3-9 illudrates the modified face of the
inner nut. The outer surface of the inner nut was aso gulleted in the same manner as the
bolt head nuts, to dlow for a clean weld to bond the nuts to the bolt shafts.

€9

Figure 3-9: Faced inner locating nutsfor the tensioner unit

Figure 3-10 shows the pats layout of the bolt fabrication. The find wed, which
bonded the inner nut to the tensoning bolt shafts, left a Imm clearance gap between the
face of the washer and the inner surface of the fixing plae. This gep alowed enough
clearance for the tensoning bolts to fredy rotate in their housing after the dectroplating

process.
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Figure 3-10: Partslayout for the tensioning unit

3.2.7 Threaded Tensioning Plate

The threaded tensioning plate is designed to neetly dide ingde the two sde plates of the
front diding axle unit, dong the two man tendoning bolts. Note: All of the 50mm
plates were cut and faced in the four-jaw chuck of the lathe to ensure perfect square
surfaces of precise lengths. The tensoning plae is condructed from 50x12mm mild
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ded plate, dressed to 92mm enabling 1mm clearance between each of the front axle's
diding units sde plate. Two 9/16” holes were drilled 15mm from each dressed edge
adong the longitudind centreine.  The two holes were then tapped to 5/8” UNF thread
to reciprocate the main tensoning bolts. Figure 311 shows the completed layout of the
par of tensoning units, incuding the tensoning plates.  This unit can now be fredy
threaded onto the two man tensoning bolts by smultaneoudy rotating both bolts.
Figure A.6 illustrates the scale dimensioned drawing of a completed tensoning unit.

Figure 3-11: The pair of tensoning units and respective tensioning plates

3.2.8 Front Sliding Axle Unit Bearings

Phosphor bronze rod was intended to be used for al guide pulley-running bearings.
Due to lack of avalability this was not possible, so brass rod was used ingead. This
was obtained pre-gauged and dressed to a perfect 5/8” outer diameter (OD) rod. The
front running axle for the front diding unit was cut and dressed to 94mm long so as to
fit neatly in between the two Sde plates on the unit. To hold the front axle in place,
A8mm holes were bored axidly aong the rod's centrdine to a depth of 30mm at each
end. These holes were then bottom tapped to an M10x1.5 metric thread. Once the
holes were gpped, the leading 2mm of the threaded holes were re-bored to A£10mm to
dlow the fixing bolt's heads to butt face-to-face with the brass bushes without fouling.
Note: The leading £1.5mm of a M10 bolt is not threaded directly under the head, and
protrudes to the full outer width of the thread. Figure 312 shows the machined axles,
including the internd threads. To locate the front axle of the diding unit, two
M10x1.5x25mm bolts were used. First the bolts had to be modified so that they could
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mantan the front shaft's pogtion while not exceeding 106mm so as to dlow the front
diding unit to completely and fredy dide in between the two man sSde plaes of the
track module without fouling.

Figure 3-12: Running bearing for the front diding axles pulley’s

3.2.9 Front Sliding Axle Units Bearing Fixings

The front diding unit's bearings required modified bolts to not only ensure the front
bearing maintains its location, but to dso endble them to fit ingde a radid housng
without fouling the TMSP when the diding front unit passes indgde the track module.
Standard M10x1.5x25mm bolts have a standard head depth of agpproximately 8mm,
therefore the first step was to reduce the depth down to 5.5mm to ensure the bolt heads
did not finish proud of the 6mm sde plates. The second step was to once again use the
lathe to remove the hexagond edges of the bolts, so they could snugly fit ingde the
A12mm holes in the diding units dde plates. At this dage it was criticd tha the bolt
heads had an extremdy snug fit, S0 there was very little movement on the brass bearing.
By removing the hexagond edges, the head of the bolts had to be modified, so that the
bolts could be easly tightened in ther radid housngs. The easest method was to dot
the heads to suit a andard large flat screwdriver. To generate an adequate width dot, a
large 300x25%1.25 power hacksaw blade was used in a hand hacksaw. This method
dlowed for a 1.6mm dot to be generated in a single pass. The heads were dotted to a
depth of 2mm. The large dot aso alowed for the diding tensoner’s sde plates to be
spot punched into the groove of the bolt after eectroplating to stop the bolt heads and
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brass bearings rotating. This forces the pulleys to run on the bearings, rather then the
bolt heads running on the dde plates. Figure 3-13 shows the customised locating bolts
for both the front diding axle and bogie unit pulleys.

Figure 3-13: Customised boltsfor locating the running axles on the front diding
axle, and bogie units

Note: All open faces and ends have been faced in the lathe, and chamfered where
required to give a clean dressed finished surface.

3.2.10 Tensioner Springs

Two compresson springs were required per unit, to react againgt any force exerted by
an obstacle trying to displace the track. The sorings had to have a minimum interna
dianeter of 58" s0 they could fredy dide over the tensoning bolts The length and
helix of the sorings dso had to be sufficient so that they would work over the entire
operding range of the diding front axle unit without bottoming the hdlix on itsdf. The
find consderation was the gauge, as the spring had to be sufficiently strong to tension
the track, ensuring it remained taut under norma operation, yet was soft enough to
dlow the track to contour around objects, alowing for as much track as possble to
reman in contact with the surface.  Although it was an option to have customised
gorings manufactured, it was preferable to utilise dandardised springs that were
commercidly avalable Due to the desgn of the tensoning mechanism, the required
internd diameter and length of the sorings were dready determined. Due to the smdl
section of spring gauges avalable in the dimensons required, the task of sdecting an
adequate gauge was redively easy. The man springs sdected for the tensioning unit
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were 1-1/8"x4’x120 (outer diameter, length, gauge). Figure 3-14 shows the man
tensoning springs. 1t would have been preferable to have an extended hdicd length, as
the sorings come very cose to bottoming in ther most compressed date in the
mechanism, but to do so they would have to have been custom made.

Lt
i

Figure 3-14: A pair of 1/8" x4” x120 main tensioning springs

3.2.11 Front Sliding Axle Unit Pulley’s and Spacers

The pre-manufactured pulleys out of Italy came as per Figure A.2. In therr origind
date, they required only minor machining for the man drive pulleys (four units). The
remaining twenty units required a grest ded of machining to enable them to be used as
guides rather than a driving gpplication. The guide pulleys were broken into two man
groups. Those to be used in fixed postions between the two Sde plates of the track
module (eight units), the remainder in dynamic postions, such as the diding tensoner
front axle, and bogie unit (twelve units). For the guide pulleys in both gpplications, the
firsg step was to bore the pulleys out to 5/8”. All pulleys were independently bored in
the lathe, to aprecise 5/8”.

After dl find machining was completed, the pulleys were reamed to ensure a smooth
running surface on the brass bearings. The next sep was to remove the drive tegth in
the lathe so as to ensure they would not catch or foul on the teeth of the track. This
would ensure a smooth free running surfece, thereby reducing the risk of the guide
pulleys causng the track to jump teeth on the man drive pulleys. A parting tool was
used in the lathe to remove the teeth. This alowed the tool to run perpendicular to the
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radid pulley surface, dlowing the cutting face to take a clean cut right up to the outer
flange of the pulley. For ease and accuracy, two pulleys were bolted inner face to inner
face udng a A5/8"x4” UNF bolt. This bolt had been centre bored in its head to dlow
the fastened nut to be fixed in the three-jaw chuck, thereby alowing the head to fredy
rotate while attached to a live centre. Over a series of passes, the teeth were removed
from each pair of pulleys so that aradia running diameter of 53.5mm remained.

The third and find step was only necessary for the pulleys to be used in the dynamic
postions. The pulleys in the datic postions required no further machining, and were
ready for use after they had been reamed to suit the brass bearing. Figure 3-15 below
shows the full sze pulleys used in daic podtions.  Figure A.7 illudrates the scade
dimensoned drawing of the main guide pulleys.

Figure 3-15: Guide pulley for static positions

The remaning pulleys had to have ther outer running face reduced in width to
accommodate the additiona thickness of gsed from the sde plates of the units that run
and pivot indde the main dde plates of the track modules The origind distance from
the outer edge of the track flange of the pulley, to the outer extremity of the pulley was
12mm. This was reduced to 6mm as per Figure A.8, to dlow for a 6mm ged plate
ether sde, plus 1mm of clearance between the inner face of the TMSP, and the outer
edge of the plate atached to the pulley. Figure 316 shows the reduced guide pulleys
for both the front diding axle, and bogie units.
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Figure 3-16: Reduced guide pulley for dynamic positions

The find dage in the preparation of dl the guide pulley units was the manufacturing of
spacers, which would be sandwiched in between each pair of pulleys. The spacers are
necessary to prevent the guide pulleys from running indde the outer edge of the tracks,
onto the toothed surface. This could not only cause the track’s movement to be
restricced and a worst deral, but it could dso prevent the tensoning and bogie
mechanisms from working correctly. The spacers were manufactured from A40mm
high qudity machining grade auminium rod. The rod was then centrally bored out
usng a A58 drill in the lathe. The outer face was shaved down to a A38mm <o that
the spacer would St negtly ingde the outer edge of the inner radid lip of the pulleys.
After drilling and facing, the rod was cut into gpproximately 20mm wafers usng a cut-
off saw. The wafers were faced on both Sdes in the lathe, bringing the overdl width
down to 17mm. This brought the overal digance from inner flange to flange of the
pulleys out to 76mm, giving Imm of clearance for the 75mm track. Once the width was
gauged, both the interior and exterior radid corners were chamfered to remove any
sharp edges. As with the pulleys, the interior diameter was reamed to generate a gauged
running surface for the brass bearings. The finished spacer is shown below in Figure 3
17. A totd of ten of these spacers were made for dl of the guide pulleys.
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Figure 3-17: Aluminium spacersto separate all guide pulley units

The complete static and dynamic guide pulley unit layouts and assemblies can be seen
repectively in Figures 3-18 and 3-19 below.

Figure 3-19: Dynamic pulley layout (left), assembled dynamic pulley unit (right)

Bdow ae a sies of figures, illudrating the completed front diding axle, pulleys,
plates, sorings, and tensoner.
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Figure 3-20: Layout of the complete front diding axle unit and tensioning
mechanism
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Figure 3-21: Assembled view of the complete front diding axle unit and tensioning
mechanism (ready to beingtalled in between TM SP)

3.2.12 Locating Tensioning Unit within the Track M odules Side Plates

The tensoning unit had to be located in between the TMSP using four M10x1.5x25mm
bolts directly inline with the diding front axle units guide dots. It aso had to be
postioned far enough indde the TMSP so that the heads of the units tensoning bolts
would not foul on the tracks when an obstacle was being negotiated. For this reason it
was decided to pogtion the tensoning block unit so that the heads on the tensoning
bolts would remain a minimum distance of 10mm indde the edge of the Sde plates.
This postioned the tensioning unit's main block 43.4mm from its outer edge to the edge
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of the dde plates, dong the guide dots certreline.  Figure A.9 illudraes the overlaying
of the complete front axle diding and tensoning unit. Therefore points were marked
53.4mm out from the edge of the sde plaies (dong the guide dot's centreine), a a
perpendicular distance of 16mm ether Sde of the guide dot’s centreline.  Once the two
points were centre punched (one dde plate only), dl four plates were stacked and
cramped together s0 that al plates could be smultaneousy pilot bored to A3mm to
reduce inaccuracies. The plates could then be separated and independently bored out to
A10mm.

3.3 DEVELOPING THE DRIVE AXLE MECHANISM

It was necessary to design a method to adequately hold an axle and corresponding
bearings in place in a sreamlined configuration. The unit had to follow the flow of the

Sde platesto remain discrete.

3.3.1 Self Aligning Bearings Flanges

An easy and dreamlined method was to use sdf-digning bearings and flanges, which
could be bolted on the outsde of each sde plate. Unfortunatey standard bearing
flanges come in either quad, or two point mounting configurations. Figure 3-22 shows
a standard two node self-aigning bearing flange.

Figure 3-22: Standard unmodified sdlf-aligning bearing flange
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To fdlow the flow of the Sde plates a mounting method was, which radidly contours
with the upper corner of the sSde plate. To overcome this problem, the standard two-
point mounting of the bearing flanges had to be modified to better follow the contours
of the sde plates Due to customised manufactured szes of the flanges to suit common
bearing Szes, a perfect outer radid match could not be obtained to suit the 25mm radius
of the upper corner of the Sde plates. The closest match was a bearing flange with a
main body radius of 30.8mm. This flange would suit a 16 - 20mm bearing, which
alowed for an adequate drive shaft range.

The next sep was to modify the bearing flanges so that they did not protrude past the
edges of the sde plates by removing one of the fixing nodes. In removing a node an
additional method to fix the bearing flanges in place was required. The bearing flanges
are manufectured from cagt iron, which dlowed for the integrity of the flange to be
maintained during and after the machining off of one of its fixing limbs. The mgority
of one of the flange's nodes was removed usng a cut-off saw. The remaning meta
was removed using the same method as that used to round the leading edges of the side
plates on the front diding axle unit. The remaning node on the flange was fixed in the
tool post of the lathe via a bolted pin. This gave a point of rotation to grind off the
excess metd to give a smooth finished surface that followed the radid contour of the
flange. Figure 3-23 shows the bearing flange after one of its fixing nodes was removed.

Due to the remova of one node, further mounting points are required for the flange. As
the complete project will be rdatively lightweight as compared to bearing flanges, it
was only necessary to redrict the rotation of the bearing flanges about the bolt through
the remaining fixing node.  Unfortunatdy the bearing flanges had only 6mm of wal

thickness around the bearing on the undersde where it made contact with the surface.
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Figure 3-23: Modified self-aligning bearing flanges

The other condderation was that any method used to fix the bearing from the indde of
the plates into the flange, could not impinge on the rotation of the drive pulleys. This
reduced the options dgnificantly, but dlowed for two AE3/16" British Standard
Whitworth (BSW) gutter bolts to be used to fix the bearing flange from the insde aong
the centrdine 90 degrees out of phase with the origind fixing node's centrdline. By
usng A3/16° BSW gutter bolts it maximized the bolt strength relative to the wal
thickness, and also reduced the bolt head profile in the indde, so as to reduce the
modifications necessary to the drive pulleys, to sop them from fouling on the bolt
heads. The procedure for boring and tapping the flanges is covered below in Section
336. Fgure A.10 illudrates the scae dimensoned drawing of the modified sdf-
digning bearing flange overlad on the origind flange.

3.3.2 Drive Shaft

Due to the sze of the bearing flanges, the drive shaft could be between 16 — 20mm. It
was decided to manufacture the drive shafts to suit a 17mm bearing, as this reduced the
amount of materid that would have to be removed from the ingde of both the drive
pulleys and couplings, increasing their grength. The other factor was the current stock
of AA18mm sSiver ged rod in the author's workshop. Two pieces of 210mm rod were
cut, faced, and centre bored in the lathe. Both pieces were then independently shaved
down to exactly 17.005mm, S0 as to have a snug fit in the sdlf-digning bearings. The
drive shaft was sent to an engineering company to be dotted and to make the
corresponding keys, where it had two inline dots rebated. Both dots were to be 6mm in
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width, and 3mm deep, from the gpex of the shaft's round. The firs dot was to Sart
2mm from one end, and extend 16mm in length. The second was to gart 69mm from
the same end as the fird, and extend towards the other end for 104mm. Figure 324
shows a completed drive shaft and corresponding keys. The first dot was to atach the
drive coupling to the shaft; the second was for the drive pulleys. Figure A.11 illustrates
the completed drive shaft unit.

Figure 3-24: Track moduledrive shaft and corresponding keys

3.3.3 DrivePulley’s

As dated previoudy, the back facing surface of the drive pulleys, had to have a smdl
chamfer taken off of the outer radia edge. This would dlow the heads of the guitter
bolts to clear the pulleys. The chamfer was taken 4mm in from the outer edge, & an
angle of 30 degress. The pilot holes through the centre of the drive pulleys were bored
out to A17mm in the lathe, and reamed to suit the drive shaft. At this stage the drive

pulleys were ready to be sent with the drive shaft to be keyed. Figure 325 shows the
completed drive pulleys.

Figure 3-25: Main Drivepulley’s
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3.3.4 Drive Pulley Spacers

The drive pulley spacers were manufactured in the same manner as those used for the
guide pulleys. The only differences were the resize of the bearing orifice, and the
addition of a key way. To suit the drive shaft, the centre hole was bored out to A17mm
and reamed to suit the shaft. The key ways were manudly ingtdled by cutting an
underszed dot usng the power hacksaw blade, and finishing the dots with a file
Figure 3-26 shows the drive pulley spacer.

Figure 3-26: Drive pulley spacer

3.3.5 Final Drive Unit Assembly

Once the drive shafts and pulleys had been keyed, the pulleys had to be drilled and
tapped to house grub screws to retain the location of the bearings and pulleys on the
shaft. Each pulley had to have two grub screws fitted. One grub screw was positioned
directly over the key. The pulleys had the second grub screws positioned 90 degrees
out of phase with the first. The bearings had the second screw postioned 120 degrees
out of phase. The pulleys were marked and centre punched 5mm out from the back of
the track flange. All four pulleys were then mounted on a dummy shaft within a vice on
the drill press and had each of their two holes bored usng a A5mm drill bit (ensuring
the holes were bored perpendicular to the radid surfaces). Each of the eight holes were
then threaded using an M6x1.5 metric tapered tap. The pulleys and bearings were now
ready to be fixed to the drive shaft usng M6x1.5x10mm grub screws. Figures 327 and
3-28 show the layout of the drive unit components and completed drive shaft assembly,
reedy for insertion into the running bearings respectively.
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Figure 3-28: Assembled drive shaft unit

3.3.6 Mounting the Drive Shaft Unit to the Track Module Side Plates

The pogtion of the drive shaft relative to the TMSP was determined by the diameter of
the bearing flange. Idedly the drive shaft would have been centred about the 25mm
radius curve a the top of the gde plae. Due to the 61.6mm outer diameter of the
flange, the drive shaft centre had to brought down away from the ided postion by 9mm

aong the line that bisected the angle between the top and trailing edges of the sde plate.

This ensured thet the edges of the flange would st flush with the outer edges of the sde
plates. As the bearing flange was modified to have only one mounting node, the flange
was rotated so that the centre of the fixing node would lay dong the line that bisected

the angle a the upper ear corner. Although not criticd to the design, it generated a
baanced effect as it complimented the tensoner’s guide dot a the front. A dsngle sde
plate then had both the drive shaft and bearing flange fixing points marked and centre
punched. The remaining two-guide pulley axle centres were dso marked and punched

at the centre of each 25mm radius located at both ends of the bottom of the side plates.

Once again dl four sde plates were cramped together to ensure aignment whilst pilot
boring. Each plate could then be independently bored, with A£10mm holes for both the
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remaning guide pulley pogtions, A11mm for the bearing flange mounting node, and
A20mm for adequate clearance around the drive shaft location. Figure A.12 illustrates
amagnified view of the track sde plate drive end.

The find task was to locate the postion of the gutter bolts within the exterior radid
band around the bearing flange. Due to the bearing flanges being made via a casting
method, there was a certain amount of variance between each unit. Therefore it was
necessary to locate the postion of the fixing bolts independently for each flange. Each
flange was fixed to each matched dde plate via a M12x2x30mm United Nationd
Coarse (UNC) bolt and respective nylon-locking nut (nylock). The radia section was
then cramped flush with the edges of the dde plate. This dlowed for the exterior of the
flange to be scribed around s0 as to generate an outline that was visble after the unit
was removed. The flange was then unbolted, and re-bolted and cramped on the
opposte face of the plate to the scribed sSlhouette.  This generated a template from
which the intended postions of the gutter bolts could be marked 3mm in from the radia
edges, adong the lines outlined aove. Any deviaion could cause the bolt housings to
come through the ddes of the flange. This method ensured that gutter bolts were
located directly in the centre of the each flanges exterior rim.

Once the gutter bolt locations were accurately located, marked, and punched, the fixed
gde plates and flanges were bored together in the drill press to a totd depth of 12mm
(4mm for the dde plaes, and 8mm into the bearing flanges) usng a A9/64” drill bit.
Finadly the holes were threaded while the flanged maintained fixed to the Sde plate
usng a A3/16" BSW bottoming tap. By threading both the flange and side plate, it was
fdt tha this would reduce any movement that may occur if there was any over szing of
the dearance hole through the dde plate. It would aso reduce the risk of the bolts
working free through vibration. Figure 3-29 shows the drilled and tapped bearing

flanges.
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Figure 3-29: Drilled and tapped bearing flangesto suit A£3/16" BSW gutter bolts

This procedure was caried out independently for dl four sde plates and bearing
flanges. Due to the reduction of wal thickness in the bearing flanges, the thread for the
gutter bolts could go no further in than 8mm. Therefore, the standard AE3/16"x1/2”
BSW gutter bolts had to be cut down to AE3/16"x3/8” BSW <0 that the heads would
bind on the sde plates. Figure 3-30 shows one of the cut down A3/16"x3/8” BSW
guitter bolts.

Figure 3-30: Cut down gutter bolt (A£3/16" x3/8" BSW)

3.3.7 Drive Couplings

To connect the drive shafts on the track modules to the drive motors, a unit was required
that could adequatdly transfer the power from the motor in a two piece package that
could fit in the area avallable. The Unit dso had to be congructed robust enough for
modifications to be made for envisioned sensing equipment such as shaft encoders.
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For the AE17mm drive shafts on both the track modules and motors, two adequate
coupling units were avaladle locdly. Both units specifications exceeded the power
output levels required, so a unit was sdected which had a reduced overal length
(dightly larger diameter). As with the drive pulleys, the unit was dotted for a keyway,
and drilled and tapped in both sections (two locations per section, 90-degrees out of
phase with one another, with one directly over the keyway) to suit M6 1.5 8mm grub
screws.  The sdlected coupling aso came with a rubber deeve so as not to have meta
on metd drive, reducing trandaed vibration, noise, and generdly improving the
interface.  Figure A.13 illudrates the scde dimensoned drawing of the find modified
drive couplings. Figure 3-31 below shows a drive coupling.

Figure 3-31: Drive Coupling

3.4 TRACK BOGIE UNITS

The track bogie units were designed to work dynamicaly in conjunction with the track-
tensoning unit, SO as to dter the displacement of the tracks while negotiating obstacles.
The bogie units were designed to free pivot in between the TMSP. The concept behind
the bogie was to displace the track while it fredy contoured around and over an
obstacle. The unit condgsts of two sets of pulley guides, able to rotate in an isosceles
triangular configuration.  This layout dlows the guide pulley initidly being disolaced
by an obgtacle to pivot upwards, dlowing the track to follow the contour, while the rear
guide pulley is being forced to the ground. This guarantees contact with the surface,
and thereby ensures drive traction is maintained, which is criticd to overcome rough
terrain.
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3.4.1 Bogie Design

As with the diding front axle unit, the bogies were designed to pivot fredy in between
the TMSP. As dated above, the bogie was based around an isosceles three-point
configuration.  In order to reduce the different gauges of materias required, 50x6mm
plate was used to manufacture the side plates of the bogie unit, which would provide a
means to locate the guide pulleys and pivoting bearing. The design of bogies were
greatly determined by the curve at the base of the TMSP. This was a boundary arc for
the tracks, therefore the bogie unit should be able to dlow the tracks to infringe up to,
but not cross ingde the arc. The second congderation was the pogtion of the pivot
point. Thirdly, was deciding on the distances between the pulleys on the bogie, and the
relative gaps between the fixed pulleys a the base of the TMSP. The only redtriction
was enauring that the leading pulley unit of the bogie cleared the heads of the tendoning
bolts when it rotated in between the side plates.

The key condderation in determining the design of the bogie unit included; the point of
rotation, the angle of the pulley arms with respect to the ground, the length of the pulley
ams, and the separation between al of the base pulleys. Idedlly the point of rotation of
the bogie unit had to lie dong the verticd centrdine of the TMSP. It was intended to
use an M10" 1.5° 130mm as a method to locate the bogie units bearing in between the
TMSP, therefore the pivot podtion had to ensure that the nut was free of the internd
chasss unit.  The next step was to decide on both the angle between the two pulley units
of the bogie, and the length of the ams. To ensure that both guide pulley units of the
bogie unit were in contact with the track while travelling dong a fla surface, the centre

of the pulleys axles had to be in line with those of the fixed pulleys located in between
the TMSP.

An integrated decison was findly made on the entire bogie unit. It was decided to
locate the centre point of rotation 112mm down from the top of the TMSP. In doing so,
it would dlow the bearing-locating bolt to aso fix the base of the chasss to the track
modules. To ad in the negotiating of obstacles, a dightly larger gap between the bogie
unit's pulleys (rather than even displacement between the fixed pulleys and those
atached to the bogie unit) would be beneficid. For this reason the pulleys were



66 The Creation of an Autonomous Multi-Terrain Mechatron

separated by 120 degrees, relative to the pivot point. For the bogi€'s pulleys axles to be
in line with the fixed pulleys, the Sde plates of the bogie units had to be 180mm from
centre to centre of the pivot points.  As with the front diding axle unit, the sde plate
ends were to be ground round for both cosmetic and practical reasons. The find
congderation was developing a means to fix the sde plaes together whilgt including a
running surface for a bearing.

3.4.2 Bogie Construction

Four sde plates were cut from 50x6mm mild sted plate. The plates were cut a 60
degrees a one end, and 90 degrees at the other, with a totad length of 227mm on the
long sde. The 90 degree ends of al the plates were roughly ground proud of round.

This enabled only a smal amount of work to be peformed in the lathe to produce
perfectly round ends on the plates, usng the same method as outlined in Section 3.2.1.
Each par of sde plates were then butt-welded together, usng a jig to ensure the plate's
flatness and angle, dong the 60-degree faces usng an ac welder. After welding, the
seams were ground smooth, and the plates were marked adong their centrelines to
determine the pivot point & the welded seam. The centre for the pulleys were dso
marked 180mm from the pivot point. After being centre punched, the sde plates were
pilot bored together in the drill press while being hdd in the jig used to weld the units.
This ensured accurate identica adignment for al the plates. The pulley centres when
bored to a A£12mm, and the pivot point was bored to A9/16”.

As with the other pulley bearings, A5/8" brass rod was used for the bogie. To act as a
running surface for the bearing, and to join a par of Sde plates, seam pipe was used.

Standard water pipe could not be used, as its wal thickness was not sufficient to
accommodate a A5/8" interna diameter. The steam pipe had an externd diameter of
AE7I8" with a 3/16” wall thickness, which enabled a further 1/16” to be reamed out to
accommodate the A5/8" bearing. To enable a clean weld between the steam pipe and
bogie plates, the ingde of the plates were gulleted around the A9/16” pivot hole usng a
AE7/8" drill bit. The gullets were taken down to a depth of 3mm. The steam pipe was
cut and faced in the lathe to 98mm in length. The radid edges were then bevdled, and
the interna diameter was bored out to A9/16°. This dlowed for a bevelled radia edge
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on the steam pipe to increase the surface area to which the heet from a welder would be

gpplied, reducing the risk of burning away the metd.

The seam line was welded to the Sde plates, usng the same jig used origindly to weld
the plates. A dummy pin was placed through both the plates and pipe to ensure a
perpendicular finish.  Additionaly, each end of the sde plates were fixed together via
spaced rods through the A12mm holes. An arc weld was run around the pipe in the
gullet on the indde only, so as to give a clean hidden weld and to dso prevent the weld
from obscuring the inner surface of the pipe. Once both welds were independently
completed to bond both ends of the pipe to each plate, the entire unit was re-bored out
to A5/8’. This dlowed for any misdignment tha may have occurred during the
welding process (due to pulling and warping under the heet), to be corrected. The inner
surface of the pipe was reamed to give a smooth snug contact face for the bearing. The
completed unit finished with a totd width of 104mm, which enabled it to comfortably
pass indde the TMSP. Figure 3-32 below shows the completed bogie unit frame.
Figure A.14 illustrates a scae dimensioned drawing of the completed bogie unit.

Figure 3-32: Completed track bogie unit frame

3.4.3 Bogie Units Guide Pulley’s

The bogie units guide pulleys, brass bearings, and fixing bolts were manufactured
identical to those for the front diding axle unit. Refer Section 3.2.8, and Figure A.8 for
the procedures and specifications.
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3.4.4 Main Bogie Unit Pivoting Bearings

The bogie unit's main pivoting bearing was manufectured in a Smilar way to those used
for the bearings in the front diding axle (refer Section 3.2.8). The brass rod was cut and
faced to 94mm in length. Each bearing was centre-bored usng a A£10mm drill bit in the
lathe to suit the M10™ 1.5° 130mm through bolts. Note: identicd running bearings were

manufactured for the fixed guide pulleys a the base of the track module illustrated in
Figure 3-18. The specifications can be referred to in Figure A.8.

3.5 COMPLETE ASSEMBLY OF THE TRACK MODULES

The mog intricate pat of the track module assembly was the tendgoning mechanism.
Prior to bolting the tendoning unit in place, it was necessary to postion the threaded
plate that runs on the tensgoning bolts a least 30mm down from the nuts on the ingde of
the unit. This dlowed for the tenson on the main sorings to be reduced sufficiently to
alow the track to be placed over the assembled track module prior to tendoning. The
next step was to bolt the bearing flanges onto each sde plate usng the M12" 2" 30mm
UNC balts and nylocks, and the cut down gutter bolts (ensuring that the correct flange
is fixed to its matching sde plate). Fgures 3-33 and 3-34 show the attached bearing
flanges to the dde plaies. The front diding axle units, and bogie units then had the
guide pulleys fitted and held in pogtion with the cusomized dotted radid head bolts.
For the find assembly the sSde plates were punched to bur the metd into the bolt head
dots, preventing the heads on the bolts from turning.
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Figure 3-33: Outside face of attached bearing flange

Figure 3-34: Inside of attached bearing flange

Prior to insarting the key for the drive pulleys, the drive pulleys, and spacers are placed
onto the drive shafts, with the retaining grub screws done up loosdly. The tensoning
unit is assembled by diding the two tengoning springs over the tensoning bolt shafts,
then placing the turned ends on the tensoning unit through the holes in the front diding
axle unit, as per Figure 321. The components are located between the TMSP. The first
gep is to fit the two guides on the front diding unit, into the dot on one sde plate. One
sde of the tersioning bolt block is bolted to the sde plate using two M10™ 1.5° 25mm
bolts. The drive shaft and pulleys are placed through one bearing and the bogies, and
base guide pulleys are retained in podtion using the holding bolts as pins. Figure 335
shows the internds of the track module mounted on a single sSde plate. The track
modules can now have the top reciprocd sde plate placed over the assembly fixing the
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remaining two bolts into the other side of the tensoning block, and doing up the nuts on
the bottom guide pulley balts.

Figure 3-35: Exposed internal mechanisms of a track module

Note: The bogie unit cannot have its nut done up until the lower chasss tray is fitted.

The drive shaft and pulleys must be adjusted so that the shaft on the outside finishes
flush with the outer edge of the bearing, the pulleys pogtion can dso be digned so that
they st pefectly in the centre of the two sSde plates. Once the shaft and pulleys
locations are corrected, the grub screws can be done up on both pulleys and bearings (a
total of eight grub screws).

The tracks are placed over each track module. This is best performed by placing the
belt over the front diding axle first, and compressng the unit to dlow the track to pass
over the other pulleys, and drive shaft. The track is now ready to be tensoned. This is
the most tedious step, which takes several minutes per module. The essest method is to
turn the track modules upside down, so that the heads of the tensoning bolts face
upwards. In this pogtion it is easy to place a socket and ratchet on each bolt either sde
of the track. The ratchet's handles can be held in one hand, so as to generate an even
actuation action on both heads a once. This ensures that one bolt gets no more
movement than the other, preventing out-of-aignment binding on the threads between
the two units. Figure 3-36 below shows the completed track module with tensioned
belt.
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Figure 3-36: Assembled track module with tensioned belt
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4. MECHANICAL DESIGN AND
CONSTRUCTION: CHASSIS
DEVELOPMENT

The key initid congderation for the chasss was the width. Idedly the entire robot
needed to be able to go through a standard 700mm wide household door. Unfortunately
due to the dimensions of the motors intended for use, this was not possble. Therefore
the minimum chasss sze was limited to the clearance width of two motors, gearboxes,
drive shafts, and drive couplings. For the previoudy stated reasons it was necessary to
make the overdl width of the chasss unit 440mm wide. This would give an overdl
width of the robot, from distance between the sdf-digning bearing flanges on each
track module of 734mm, not including a sheet metd cover. Fortunatdy this would dill
enable the unitsto pass through commercid and industry standard doorways.

4.1 CHASSISDESIGN

For ease of congruction and assembly, the chasss was desgned around two separate
trays. The two trays could be independently fixed between TMSP, and would dlow for
peripherals and components to be easly mounted on and in between the cavity
generated by the two trays. As Stated in Section 3.1.3, it was necessary to maximize the
height in between the base of the chasss and the ground, so as to increase the clearance
for negotiating rough terrain. At the same time there dso needed to be an adequate
distance between the two trays so as not to get a spreading effect in between the two
track modules. The bottom tray’s location had aready been decided upon due to the
bogies bearing tie-in bolt (outlined in Section 3.4.1). The pogtion of the upper chasss
tray was criticd, as this would be the surface on which the drive motors, and other
peripherals would be atached. The most critical of these was the dignment of the drive
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motors, reative to the drive shafts from the track modules. The drive shaft out of the
reduction gearbox on the drive motors was centred exactly 47.5mm down from the top
of the motorsfixing plates.

For ease of congruction and assembly, 30mm mild sed angle iron was used to
manufacture the two chasss trays. The angle iron would dlow a shdlow wall thickness
of 4mm to eadly bolt the trays to the track modules, and provide an adequate 30mm flat

surface to fix motor and peripherd mounts.

4.1.1 Construction of the Bottom Chassis Tray

If possible, both chasss trays would span the entire length of the track modules. Due to
the track-tendoning unit, housed ingde the front end of the track modules, the lower
chassis tray had to be substantidly reduced in length so that its fixing bolts would not
foul the mechaniam. The lower chasss tray was therefore designed to start 50mm in

from the rear of the Sde plate, and span 658mm towards the tensoning mechanism.

The lower tray condsts of two longitudind angle iron sections 650mm in length, and
two laterd sections 432mm long. The ends of dl the joints were initidly cut off square.
The lower tray was designed to bear the weight of the lead acid batteries used as the
robot's power supply. Due to the intended loading on the tray, an additiond three
M8 1.5 20mm bolts were used to fix the tray to the track modules in conjunction with
the main M10" 1.5" 130mm bolt to locate the bogie unit. The top surface of the tray was
fixed 100mm down from the top of the TMSP, s0 that the nylock nut for the bogie pin
would not require holding when doing up the bolt. To dlow the nut to be tightened
hard againg the flat surface of the angle iron, the round was ground away in the internd
corner. A /AE11mm hole was bored 18mm up from the bottom of the angle iron, and
255mm from the front to suit the bogie pin. The remainder of the bolt holes were bored
12mm up from the bottom, with one positioned 35mm out from each end, and the third
bisecting the greater distance between the end bolt and the bogie pin. A scde
dimensioned mechanicd drawing of the lower chasss tray is shown in Figure A.15.
The two 440mm ends were pilot bored usng a A8 dill dong the longitudind
centreling, 35mm from each end, and the centre, to dlow for any future fixings.
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Prior to welding the chassis tray components together, the ends of al four pieces were
mitred in the cut off saw, removing only the metd from the top surface. The ends
maintaned ther origind lengths and square dong the 4mm width of the metd. The
4mm square ends would dlow the joints to be cramped 4mm proud of the ends,
generating 4mn?? trench to fill with weld. If the ends were cut in a standard mitred
joint, the sharp exterior leading edges would be burnt away by an arc welder. Each
joint was independently welded on both sdes of the seam, ensuring they maintained flat
and sguare. After welding al four joints, the welds were ground flush and smooth so as
to ensure a clean pit fee surface for future dectroplating. Figure 41 below shows the
completed lower chassistray.

Figure4-1. Lower chassistray

4.1.2 Construction of the Upper Chassis Tray

Idedlly, uneven angle iron would be preferred for the upper tray so as to dlow it to
sand 8mm above the TMSP, requiring no further packing to enable both the drive shaft
out of the gearbox, and the shaft from the drive pulleys to line up. Unfortunatdy there
was no 30x40mm uneven angle iron available, so ingtead the top tray was mounted so
that 30x5mm flat plate could be used to pack the motor mounts out to the required
height of 13mm above the top of the Sde plates.

The top chassis tray was based around a smilar configuration to the lower tray using
30mm angle iron. To accommodate the drive motor units, the upper chassis tray had to
be open a the rear, 0 that it would not foul the gearboxes and couplings. The critical
aspect of the upper tray was podtioning the mounting holes correctly so that there was
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enough materid to adequately fix the tray to the dde plates, and ensuring the tray sat at
the correct level. The upper tray was designed to fit closdy to the bearing flange, and
admog the entire length of the unit, sopping just prior to fouling on the front tensoning
mechaniam.

The upper tray condsted of two 856mm longitudind bearers, and two 432mm cross
members. The two main bearers were al bored dong a base line 10mm up from the
bottom of the angle iron usng a A&7mm drill. The firg hole was bored 35mm from the
front, and each of the remaining three holes were separated by 257mm, centre to centre.
The two cross members were pilot bored identicd to those in the lower chasss tray.
One of the two cross members, and the front edges of the longitudind members were
mitred in the same fashion as used for the lower tray. The other member was modified,
as it was postioned down from the end, so as not to foul on the motors. The rear cross
member had to have 26mm of the flat cut away, leaving a 26mm recess which finished
flush with the undersde of the remaining flat section. The end corners were rounded to

Quit the extruded interior curve of the angle iron.

These modifications dlowed the rer cross member to neetly fit between the
longitudind members.  To dlow the longitudind members to run closer to the bearing
flanges the ends were cut back by 45 degrees. The chassis tray pieces were then welded
together in the same manner as dated for the lower chasss tray in Section 4.1.1. The
rear cross member was welded with the verticd flat facing outwards so that it was
600mm from the front face. Figure A.16 illudraes a scae-dimensoned mechanica
drawing of the upper chasss tray. Figure 42 below shows the completed upper chassis
tray.
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Figure 4-2: Completed upper chassistray

4.1.3 Fitting the Chassis Traysto the Track Modules Side Plates

Both the upper and lower chassis trays were now ready to be fitted to the track modules.
Note: To dlow for any misdignment both the holes in the chasds trays and the
corresponding holes in the track modules were bored 1mm over sze. The lower chasss
tray was the easest to podtion due to the bogie pin acting as a reference point. A tri-
mitre square was used to locate the tray parale with the upper flat edge of the track
module. Once the tray was postioned correctly, it was cramped and drilled with a
portable eectric drill, usng the holes in the tray as guides. The lower tray was bolted in
place with six M8x1.5x20mm bolts and the two M10x1.5x130mm through bolts for the

bogie units.

The upper tray was far more difficult to locate accurately. The mogt difficult aspect was
maintaining the tray the correct disance from the ends. Once the tray was lightly
cramped correctly out from the ends, a tri-mitre square was used to ensure the top of the
upper tray was adjusted so that it was exactly 8mm from the top of the TMSP over the
entire length of both sdes. When postioned correctly, the cramps were tightened, and
the measurements were rechecked to ensure there was no movement prior to drilling.
The upper tray was drilled as per the method used for the lower tray. The upper tray
was bolted in place usng eight M6x1.5x20mm bolts and nylocks, prior to undoing the
cramps. Figure 43 shows both the upper and lower chassis trays attached to both track

modules.
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Figure 4-3: Assembled chassistraysand track modules

4.1.4 Motor Mounting Brackets and Packers

The motor mounts were designed to span across the sides of the upper chasss tray.
This gave a clean flat unrestricted surface at the rear of the unit. The intention was to
replace four out of the Sx 25mm cap screws that held the top cover plate on with 30mm
equivdents.  This would dlow for no further modifications to the motor units to be
made to attach the mounting brackets. Through the design of the motor and gearbox,
there was limited width for the mounting brackets due to some of the protrusons
coming out from the top of the mounting plane. Only 40mm of clearance was available
between regtrictions, therefore excess 30mm angle iron was used. In doing so there
would be adequate clearance, and it would produce far more rigid braces than if flat
plate was used.

As dated earlier, 30x5mm plate was required under the angle iron braces, to lift the
motor unit so that the drive shafts digned. Figure A.17 illustrates a scde dimensioned
drawing of the mounting brackets and packers. To finish flush with the edge of the
chasss tray, both mounts were cut to 440mm. The ends were drilled with the chassis
15mm in from each end to dlow two M6x1.5x20mm bolts to hold each of the two
mounting brackets in place. Four holes in each bracket were bored oversize to A8mm
for the AE7mm mounting cap screws. The holes were intentiondly over bored so that
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there was plenty of movement to dlow the drive shafts to line up perfectly. [If required,
the configuration alowed for shims to be essly insated to ensure dignment.  The
packing brackets were made to bridge both motor mount cross members, finishing fush
with the accurate separation distance. Figures 44 and 4-5 show the motor packers and
brackets, and the attached motors and brackets respectively.

Figure 4-5: Motor-mounting brackets attached via four of the six gear box cover
plate cap screws

4.1.5 Battery Tray

The battery tray was designed to locate the batteries directly behind the back of the
drive motors. As dated earlier, the weight of the batteries was intended to St on the
lower chassis tray, so as to keep the centre of gravity of the robot as low as possible,
and hence incresse dability. The battery tray was designed to be semi-generic with
repect to battery dimensons. To increase running time, the robot would require large
batteries. Due to weight and expense, it was necessary to compromise on the size of the
batteries.  When evaluating batteries (covered in Section 2.3.2) the physical dimensions
vaied little between manufacturers.  Therefore in manufacturing a battery tray, a unit
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that would accept batteries from over sx manufacturers was congructed. Once again,
due to avallability and drength, the bettery tray was manufectured from 30mm angle
iron. The angle iron's profile would enable the batteries to be both supported from
undernegth and restrict movement in the horizonta plane,

The tray was manufactured from four sections. Two were standard 440mm runs, the
other two were cut to 272mm. The shorter lengths were customized in the same manner
as the rear cross members of the upper chasss tray outlined in Section 4.1.2. This
enabled the four sections to generate a tidy rectangular support, which held each battery
at both ends and adong one sde. Figure A.18 shows a scde dimensioned drawing of the
battery tray design. The battery tray was held in place by four M6x1.5%x20mm bolts and
nylocks, postioned 15mm in from each end. Figure 4-6 shows the completed unit.

Figure 4-6: Battery tray

4.1.6 ATX and Charging Unit Brackets and Packers

The ATX power supply and charging unit cases were designed to fit neetly in between
the chasss frame. This layout alowed the two units to be fixed together in a smilar
format to that used for the motor mounting brackets in Section 4.1.4. The only
difference from the motor brackets was that 30x5mm plate was used instead of angle
iron, and the separation distance between cross members. Angle iron was not necessary
as the combined weight of the two éectronic units was not sgnificant, and would not
generate enough load to distort the mounts. The plate aso reduced the overdl profile
alowing afurther unit to be placed on top.
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The fixing brackets were designed to use four of the six bolts that attach the top plates
to the cases, thereby requiring no further modifications to the unit's cases. As the ATX
unit has a different width compared to the charging unit, the fixing cross members could
not be postioned evenly a ether end. For appearance only, both unit's front edges
were digned flush with the internd front edge of the upper chassis tray, this left the
charging unit rear edge 3mm behind that of the ATX case. The fixing plates were bored
to suit the dignment of the fixing points for the lid of the cases. Figure A.19 shows a
dimendgoned drawing of ATX and charging unit mounting brackets, illudrating the
necessary offset in dignment.

Packers were required to lift the base of the ATX case up a fraction to alow for access
underneath, for when a protection tray is inddled. The packers followed the identical
formet to those made in Section 4.1.4. The ends of the brackets and packers were then
bored 15mm out from the ends, to corrdate with the mounting holes in the chassis tray.

To ad in assembly, the chassis tray was drilled and tapped to suit a A4 BSW thread,
s that A2 %Y BSW bolts could be used to attach the mounting brackets to the
chasss. Figure 4-7 shows the finished mounting brackets and packers for the ATX
power supply and charging units.

Figure4-7: ATX power supply and charging unit mounting brackets and packers
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4.2 COMPUTER SUSPENSION FRAME

To locate the main computer, there was a need to develop a method to ensure that any
and dl vibration that would be trandated through the robot, as it manoeuvred over and
around rough terrain would be minimised through the main computer, and especidly the
hard drive. The other consideration was to reduce the area that the unit took as it was
dready dgnificantly large.

4.2.1 Computer Location

Two key consderations were considered when locating the unit.  The first was ensuring
that the ports on the computer would not be redtricted, and idedly accessible via a hatch
in the casng. The second was its location with respect to the ATX power supply. Due
to both these reasons the best location would be at the front of the robot. This would
dlow for dl ports to be accessble from the front, unrestricted from other equipment
(including mouse, monitor, keyboard, network, serid, pardld, and DAQ card). This
location dso dlowed the unit to sit directly on top of its power supply, reducing cabling
length, and optimise available space within the robot.

4.2.2 Design of Computer Mounts

The key criteria for the mounting unit, was to reduce the amount of shock exerted
through the computer during general operation. To overcome this problem it was
necessary to have the computer suspended on reacting extenson springs, smilar to the
format used in automotive, stacked compact disc stereo units. Therefore the mounts
needed to locate eight springs, for each corner of the case. Idedly if space was not a
concern, it would have been preferable to have had each soring mounted under haf
extenson, 45-degrees verticaly and 45-degrees radidly with respect to the mounting
bracket and case (as per Figure 4-8).

Due to the redtriction of chasss width, and the distance between the front of the unit and
the batteries, a compromise was found to pogtion the springs as close to the ided
locations as possble.  The find condderation was the genera format of the design.
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Idedly the unit should be made as a sngle piece, able to have to computer suspended
prior to attaching the frame to the chasis. The frame should therefore be sgnificantly
solid enough so as not to distort under the force exerted by the springs. The springs
should be eesly atached to dlow them to be removed or atached while the unit is
attached to the chasss. The frame should not restrict the access to the computer ports,
and should not foul cables.

Elevation

Figure 4-8: Ideal computer case mounting spring configuration

4.2.3 Computer Suspension Frame Construction

The basis of the sugpension frame was made from A2’ mild stedl rod, for two reasons.
The first was it alowed the ends to be threaded to suit AY2" United National Coarse
(UNC) nuts, which could be used to locate and fix the unit to the chasss tray. The
second weas that it dlowed the frame to be easly bent in a “U” shape cradle, which
could span the two sides of the chassistray.

Two “U” shaped cradles were bent up, with vertica uprights of 365mm, and a span of
420mm. The ends were then threaded 33mm up the legs. This was to dlow a locating
nut to be permanently fixed at the extremity of the threed, to ensure the suspenson
frame was dways the correct height from the upper chasss tray. This dlowed enough
clearance for the remaining thread to fit through the chasss tray, and be fixed in place
with another nut on the underside.
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To locate the springs in the upper corners of the suspension frame, holes were drilled in
the internd corners of the frame at 45-degrees to suit cut down cotter pins. The cotter
pins could then be brazed in place as per Figure 4-9 below.

Figure 4-9: Upper corner spring attachments

To atach the springs at the lower four corners, the fixed base nuts were drilled a 45
degrees on one of ther flat faces. The nuts could then be dightly rotated so that the
cotter pin angled towards the centre of the frame. The cotter pins were brazed into
position as per the bp units with the fixed nuts. Figure 410 shows the base nuts with
the spring mounts.

Figure 4-10: Lower Corner Spring Attachments

Findly to fix both “U” frame pieces together, a 305mm piece of A%’ rod was welded
in between the two pieces a the centre of the top sections. This ensured the correct
Separation distance between pieces and dlowed the computer to be fitted prior to
ingalation on the chassis.
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To mount the suspension frame, corresponding A213mm holes were bored in the upper
chasss tray. Figure A.16 illudrates the scale dimensoned drawing of the upper chasss
tray illusrating the location of the A13mm mounting holes for the suspenson frame,
Figure 4-11 below shows the completed computer suspenson frame. Figure A.20

illugrates the scded dimensoned drawing of the completed computer suspenson
frame.

Figure4-11:. Completed computer suspension frame

4.3 UPS, MICROCONTROLLER, AND MOTOR DRIVER
MOUNTING BRACKET

To locate the UPS, microcontroller, and motor drivers, a single frame was designed to
be fixed to the top of the upper chasss tray. To utilise the space avalable in the rear

section of the vehicle, it was necessary to design the frame to fit around the motors and
batteries.

4.3.1 UPS, Microcontroller, and Motor Driver Frame Design

As the lead acid batteries emit both hydrogen and oxygen gas during high drain

applications and charging, al dectronic equipment is encapsulated to reduce the risk of
exposed arcing in an enriched oxygen and hydrogen atmosphere.
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The frame has been designed to dlow the UPS to gt directly over the drive motors,
reducing the distance to the AC inlet port, and alowing for adequate ventilation for the
transformer.  To keep in close proximity to the motors, the motor drivers will st above
the UPS on the upper tier of the platform. To optimise space, the microcontroller board
is mounted on the upper tier over the batteries. The entire frame has been constructed

as one piece, dlowing for easy remova and access to the drive motors and batteries.

4.3.2 UPS, Microcontroller, and Motor Driver Frame Construction

To follow the format of the other éectronic equipment mounts, 30x5mm flat bar has
been used to congtruct the entire frame for the UPS, microcontroller, and motor drivers.

To optimise the available space in between the drive motor mounting brackets and the
computer suspengon frame, the additiona platform extends 445mm in length. The
plaform conssts of two longitudind flat bar sections spanning 445mm, which gt on the
upper chassis tray (380mm apart). Two cradles have been bent up to bridge the two
longitudind fixing bearers, and extend 175mm high. To ensure sharp 90-degree bends,
a jig was st up in the vice, ensuring that dl corners were identica. The two cradles
have been welded a each end of the longitudinad bearers, with the inner face flush with
the edge of the horizonta bearers. All welds for this platform have been performed

with an arc welder.

To provide an adequate surface to mount both the microcontroller and motor driver
cases, two further 385mm sections of flat bar have been fitted to the upper horizonta
surface of the cradles, generating the upper tier. The two plates have been centred
100mm from the centrdine. This separation distance alows both the microcortroller
and motor driver cases to be mounted using their exiging locating bolt holes for the
bottom surface of ther cases. The find components consst of two 380mm sections of
flat bar, which laterally span between the longitudina base sections. These sections of
plate provide a flat surface on which to mount the UPS. One section is welded flush
with the rear outer surface, and the other is centred 100mm from the rear edge. The
externd sheet metd case of the UPS is drilled to suit the plaiform, dlowing the externd
case to be mounted usng M6x1.5%x20mm bolts prior to attaching the UPS to the case,
which conceds the fixing bolts.
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The entire platform is held in pogtion with four M6x1.5%x20mm bolts. Both the upper
chasss tray and the platform for the UPS have been drilled to @5mm then tapped to
M6x1.5 s0 that nuts are not required (it would be to difficult to locate nuts due to the
position of the bolts). Figures 412 and 413 show the completed platform frame, and
the completed platform with mounted UPS, microcontroller, and motor driver cases

respectively. Figure A.21 illustrates the dimensoned scale drawing of the completed
platform.

Figure 4-12: UPS, microcontroller, and motor driver platform frame

Figure 4-13. UPS, microcontroller, and motor driver frame with mounted
equipment
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4.4 EXTERIOR CASING

The externd case is the primary defence againg the dements in outdoor environments.
It has been designed to prevent as much water and debris as possble from finding its
way into the internal cavity. It is not necessary to be 100-percent water tight as al
electronic and vital equipment has secondary protection via encgpsulating acrylic cases.

The casing has been designed around four main sections, the under tray, sdes, ends, and
overhead cover. The under tray has been designed to be attached to the front and rear of
the upper chassis platform, and extends undernegth the bottom of the lower chassis tray.
The ddes atach to the upper chasss platform and extend verticdly to help prevent
debris coming off the tracks and entering the inner cavity. The overhead cover is the
largest section, and overlgps the Sde extensons to hep prevent dements such as rain
and hall damaging internd components.

So as not to affect internal components such as the eectronic compass and receiver, the
outer case is manufactured from aduminium sheet metd. Fgure 5-37 illudrates the

basic design of the duminium cover.

The completed casing has not been received back from the sheet metal folders at the
time of submisson for thisthess.

4.5 MECHANICAL CONCLUSION

The entire mechanicd component of this project condsts of over 46 man sections,
which are made up of over 600 subcomponents. All of the sub components have been
machined and customised for this project by the Author. Figures 4-14 and 4-15
illusrate exploded layouts of the completed components excluding the ‘UPS,

microcontroller and motor driver platform, tactile bump bars, and externa casing.
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Figure 4-15: Rear view of mechanical layout
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5. ELECTRONIC DESIGN

Severad dectronic subsystems need to be developed to integrate with the centra
computer. These sub-systems provide the interface to the drive motors, sensors, and
additiona peripherals. As dated in Chapter Two, it is intended to develop each section
independently.  This will dlow a generic modular interface between each unit, and
facilitate the addition of future components.

5.1 THE CENTRAL COMPUTER

At the heart of the éectronics is a central processor. The computer is an AMD K6 500
MHz central processor housed on a Gigabyte GA-5VMM cut down motherboard, with
onboard sound and graphics, 128 MB of SDRAM and a 20Gb hard drive.

5.1.1 Communication I nterfaces

The centrad computer contains two serid (RS232) ports, two Universal Serid Bus
(USB) ports, and a pardle (ECP) port. A PCl 100 Mbps Ethernet card was inserted for
a universal interface with other computers. An IOTECH dita acquisition card (DAQ) is
included to provide an inteface with additiond eectronic components, including the
motors and sensors. This card was chosen primarily as it is ggnificantly cheaper than
amilar units manufectured by Nationd Indruments However, due to limitations with
LabVIEW interfacing with the IOTECH hardware, the DAQ interface is intended to be
replaced in the future with a Nationa Instrument card.

5.1.2 Software

The operating sysem used for the computer is Microsoft Windows Millennium (ME).
Other software ingdled includes. LabVIEW, to provide the grgphica programming
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interface between the DAQ card and the éectronic sensors and motor drivers, Hi-Tech
C to communicate with sub-sysem micro-controllers via the onboard serid ports;
DragonTdk Naturaly spesking software to enable human speech interface with the
unit; Microsoft Office and Matlab to adlow for sensor output to be dumped into
interpretable  file formas via macros to dlow for cdculaions and smulaions to
correlate the data.

5.1.3 Installation

As discussed in Sections 5.2.2 and 5.2.3, a mechanism was developed to ensure the
computer was safely housed within a unit that would protect the hard drive, especidly
from impact and shock damage. In conjunction with minimizing vibration, the housng
had to be fully insulated to protect from short circuits and static damage. For the
reasons previoudy dSated, customrmade clear acrylic cases have been made for Al
eectronic units. This generated a trouble free method for ingpecting each unit, and
dlowed for cusomised wiring and attachment. Fgure B.1 illusrates a scded
dimensoned drawing of the find computer case including routered port access for dl
accesories. Figure 5-1 shows the customized auminium brackets manufactured to
attach both the lower and upper extension springs onto the computer case. Figure 52
shows the completed computer case with al four duminium-mounting brackets.

Figure 5-1: Customised aluminium spring mounting brackets
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Figure 5-2: Completed computer case

5.2 POWERING THE COMPUTER

The AMD based computer requires an 8A 3.3V, 12A 5V, and 6A 12V power supply.
This power supply requirement could be provided in three ways develop a customised
power supply; purchase a pre-made DC-to-DC converter; or invert the DC output from
the batteries and feed the output into a mains (230VAC) ATX power supply. Options
one and two require consderable time and financid expenditure.  With the pre-made
converters, there was nothing avalable within one unit that would generate dl of the
required output voltages, so two separate converters would be required. The third
option was by far the most cost effective and smple, but due to the losses through each
gstage of converting DC to AC through an inverter, then AC to DC through the ATX
power supply, it was not the most efficient. However, due to budget and time
congraints, option three was selected.

5.2.1 Generating 230VAC at 50 Hz

To generate a 230V output at 50 Hz, the 24VDC supply had to be inverted. To generate
the AC output, an Uninterruptible Power Supply (UPS) was used instead of a stand-
done inverter. The UPS provides a chegp option of generating an AC sgnd, and
dlows the onboard bettery to run in series with a lead acid battery. This mechaniam
dso dlows for essy automdic switching to a direct AC sgnd when the mans ae
attached to the unit. For both expense and functionality, an 800VA UPS was sdected,
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illugrated in Figure 53. Note: the 800VA rating of the UPS sdected is meaningless as
this rdlates to the capacity of the seded lead acid baitery included in the unit.  Within
the mechatron, the sdf-contained battery within the UPS will run in pardld with one of
the main lead-acid batteries.

Figure 5-3: 800VA UPS

5.2.2 ATX Power Supply

The ATX power supply used is a standard unit taken out of an ATX certifile mini-tower
case. The power supply provides the following outputs:

+3.3V at 14A
+5V at 20A
+12V a 8A,
+5VSB at 1A
-5V at 0.5A
-12V at 0.5A

As can be seen in Figure 54, the power supply was removed from its sheet metal case
and placed in an acrylic case 0 as to follow the same format outlined in Section 5.1.3.
Figure B.2 illugtrates a scde dimensoned drawing of the ATX power supply case.



Electronic Design 95

Figure5-4: ATX power supply

By usng a premanufactured power supply, it dlowed for easy atachment to the
motherboard via the standard socketed plug, and alowed the unit to be hard wired into
the UPS to ensure fault free connection.

5.3 CHARGING

To reduce both the quantity of externad equipment to accompany the vehicle, and the
level of human intervention required to mantain and operaie the mechatron, much of
the unit's equipment needs to be sdf-contained. For these reasons, an onboard charging
unit for the lead acid batteries have been included. These units, as with dl other mains
powered devices, have been connected to a single power point, thereby requiring only
one lead to be connected. To continue with he modular design, the charging unit is
based around two independent circuits, dlowing esch battery to be charged
smultaneoudy. Figure C.1 shows the schematic of the two chargers and associated
circuitry. Therma cut outs have been included to ensure the transformers do not get
damaged. To show when the batteries are connected, charging, or charged, a series of
coloured LED’ s have been included.

Figure 5-5 shows the internds of the completed charging unit. Figure B.3 illudraes a
scaed dimensioned drawing of the charging unit’s acrylic case.
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Figure 5-5: Dual lead acid battery charging unit

5.4 MOTOR DRIVERS

The motor drivers have been designed to supply the drive motors with a high current
24VDC PWM input.

5.4.1 Design Criteria

As stated @ove, the motor drivers have to be able to pass a high current (10A) 24vVDC
supply directly from the two lead acid batteries. The switching components for relaying
the PWM dgnd have to be sufficiently fast to switch a a minimum of 34.6us (Section
7.6.1), while passng the input voltage and current. A mechanism mugt adso be
incorporated to switch polarity to the motors, to ater the mechatron’s direction.

5.4.2 Motor Driver Design

To increase rdiability, and to dlow for easy replacement and repair, ech motor has its
own independent driver circuit. The motor driver circuit is split into two sections, a low
voltage sgnd input front end, and a high voltage high current output back end. To
isolate the front and back ends, TLP620-4 (Figure D.1) Darlington configuration
optocouplers have been implemented. The TLP620-4 is a quad package, though only
two of the four optocouplers are utilised in this project.
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To minimise the connections into the motor drivers and to increase independence, a

separate 5V power supply has been included within each motor driver circuit.

At the front end, the PWM dgnd originating from the microcontroller is used to switch
both a NPN (BC550) and a PNP (BC557) transstor. When on, each transistor supplies
5V to independent optocoupler diodes. With the configuration of the circuit illustrated
in FHgure 5-6, the two trandgtors ensure that during switching the output from the
optocouplers is not floating. This configuration guarantees a podtive switching and
aso prevents any irregularities that may have occurred on start up.

Sv_ 24V,
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Figure 5-6: Front end transstor and optocoupler configurations

The detector side of the optocouplers has a 24V supply attached to the collector of the
Darlington configuration.  When a pulse from the PWM sdgnd causes the leading
optocoupler to activate, a Signa is supplied to the main power MOSFET. A IRLZ44N
(Figure D.2) has been used for the main switch device. A large STPS1045 45A diode
(Figure D.3) has been placed on the output Sde of the IRLZ44N to prevent any back
emf from the motor damaging components. To provide the physcd switching for
forward and reverse, a finder 44.62S double pole double throw (DPDT) 10A (Figure
D.4) rday has been included. To drive the solenoid with the relay, a BST704A
trandgtor recaives a sgna from ether the microcontroller or centra computer.  Under
forward movement, the solenoid is isolated. When the BST704A receives a sgnd, it
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switches, adlowing the 5V supply to the solenoid to pass through to ground, energisng
the rdlay and causing the mechanica switches to swap poles. To prevent the BST704A
from damage, a smdl IN4007 diode has been inserted to stop the collapsing field on the
solenoid feeding back to the transstor. Figure 5-7 shows a completed motor driver
creuit, and Fgure 5-8 illudrates the motor driver circuits. Figure C.2 shows the
complete schematic for each motor driver.

Figure 5-8: Both motor driver circuits



Electronic Design 99

5.5 MICROCONTROLLER

Due to complicaions in timing issues when sending PWM dgnds from LabVIEW
(usng the operaing sysem’'s internd clock) through the DAQ card to the motor
drivers, an independent micro controller board was developed to ensure synchronisation
of the dgnds. The primary gpplication for the microcontroller is to accept a sgnd from
the DAQ cad (sent from within LabVIEW'sS motor control code) and generate an
independent PWM signa for each motor.

This was implemented usng the Philips 8-bit S87C552-4A68 ('552) (Figure D.5)
microcontroller. Listed below are the features associated with the ' 552;

80C51 centra processing unit

8k bytes EPROM

Additional 16-hit timer/counter coupled to four capture registers and three
compare registers

Two 16-hit timer/counters

256 bytes of internd RAM

10-bit ADC

Dud 8-bit resolution DAC PWM interface

Five 8-bit 1/0 ports

One 8-hit input ADC port

15-source, two-priority-level, nested input structure
Two serid interfaces (12C-bus and full duplex UART)
Watchdog timer

An extendve development board was produced to dlow for possible future expansion.
Although the primary function for this microcontroller is to generate PWM sgnds for

the motor drivers, the design does not need to be limited to this task. Added functions

and components include:
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Additiond 128 kB of exteend memory (64 kB data, 64 kB program
memory)

Red Time Clock (independent batter backup)

RS232 or 0 to 5 volt serid communications

Digitd input on port 5

LED array indication of port status on ports 1, 3, 4, and 5

Watchdog timer

Dud battery connectionsto alow hot swapping of batteries

AC/DC 9-19 valt power input

5.5.1 AC/DC Power Supply

The power supply for the development board has been designed to take a wide range of
inputs including AC. The primary power source will be one of the two lead acid
batteries, but an additiona small 9V battery is indaled in case of a power falure. Two
further ports are included to dlow an externa mains power supply unit to interface with
the board, and for another 9V battery. The secondary 9V battery port enables the
onboard battery to be replaced while the unit is running under battery power without
disrupting operations. As can be seen in Figure 59, the main input and battery power
supplies are connected D the circuit via two diodes. Each source connects to the anode
of each of the diodes, while the diodes cathodes are connected to each other and the
on/off switch. This dlows for dynamic switching between the two supplies. When the
man input voltage from either an externd power supply or the lead acid battery drops
below the supply voltage provided by the backup source (9V battery), the unit will
automaticaly switch to the reserve supply.
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Figure 5-9: Power supply input and battery backup

To dlow for both AC and DC inputs, a smdl 1A bridge rectifier has been included at
the front end, as well as smoothing capacitors. To protect the power supply from excess
input voltages, a crow bar circuit has been implemented. A 20-volt zener diode
(BZX79C20) in series with a 4.7 kKW resstor is connected between ground and Vin.
The node between the zener and the resgtor is connected to the gate of a DIAC
(2N5061), which is aso connected to ground and Vin. A 100nF capacitor is placed
between the gate of he DIAC and ground to smooth any spikes in the supply. In the
event that the DIAC is activated, a short circuit will be created between Vin and ground.
The passing high current will blow the 2A fuse, preventing the power supply from being
damaged. Figure 5-10 shows the implemented crowbar circuit.

Vin —> ';er ;/ DIAC Fl 1

Figure 5-10: Crowbar circuit

A MC7805CT voltage regulator is used to supply a constant +5V to the micro board. A
diode is included between Vout and Vin to protect the regulator in the unlikey event
that its input is shorted to ground. Two capacitors are aso included on either side of the
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regulator to smooth and remove high frequency noise from the supply. Fgure 5-11

shows the regulator circuit.
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Figure5-11: Regulator circuit

1uF

The find addition to the circuit is a 330W resstor in saries with an LED between Vout

and ground to indicate that the micro board is being supplied with power. Figure 512

shows the complete power supply circuit.
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Figure 5-12: Microcontroller power supply cir cuit

To gmooth and reduce noise being transmitted through the 5V lines
integrated circuits (1C), 100nF capacitors have been included between Vcc and ground

for most of thelC's.

feeding the
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5.5.2 Internal and External Memory

Internal Memory:
The 8k bytes of the '552's internd memory is used to store code that ingtructs the micro

how to store data being downloaded from a compuiter.

External Memory:

The '552 can address 64kB of external memory. However, a single 64kB SRAM was
not available, and so rather than employ two 32kB SRAM, the decison was made to
implement a 128 * 8bit CMOS SRAM chip (TC551001-BPL70L). The RAM has an
ultra low power consumption rate with an access time of 70ns, which was more than

adequate given the dow access time of the '552 (238ns).

In order to use a sngle RAM chip over 64k * 8 hit, care must be taken to ensure the
correct addressing of the data and program sections. The NPSEN (Not Program Strobe
ENable) and the NRD (Not ReaD) are ANDed and fed into the NOE (Not Output
Enable) of the memory chip.

The 128kB RAM chip must be solit into two 64kB blocks. This is achieved by using
the most dgnificant bit of the address bus to sdect between the upper and lower
memory blocks. When the program code is downloaded, the micro is ‘tricked’ into
writing to the program memory aea.  This is achieved by inverting the most sgnificant
memory bit, thus when the micro tries to write to the data (upper memory block) it is in
fact writing to the program memory block. When the code is dwnloaded, NEA (not
Extend Access) is hdd high indicating that the micro is running off of the internd
memory. A low on NPSEN indicates the micro is reading from program memory.
These two sgnds can then be used to control the most ggnificant bit d the address bus,
asshownin Table5.1.
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NEA | NPSEN | Output
0 0 0
0 1 1
1 0 X
1 1 0

Table5.1: Truth table of external memory accesslogic

The ‘X’ in Table 5.1 indicates an impossible logic state, as when NEA is high, NPSEN
should never be low (as NPSEN is not active during internd fetches). If the ‘X’ was
changed to a ‘1", the truth table in Table 5.1 becomes an Exclusve OR (XOR) gate. To
implement both the AND and XOR logic, 74VHC08 and HCF4070BEY independent
discrete packages were used respectivdly.  Fgure 5-13 illudrates the hardware
connections implemented to perform these operations.

oae RAM

NPSEN
P3.7

=
NEA ) >———Al6

Figure 5-13: Hardwar e Implementation of both the AND and XOR gates used to

accessthe RAM memory

To ensure that the RAM does not lose its stored data if the power to the board fails, a
‘smart socket’ was ingtalled to provide continuous independent battery backup.

As the '552 shares the externa memory data bus with the lower 8bits of the externd
memory address bus, a 74HC573 latch was used to alow the RAM to be addressed and
accessed smultaneoudy, where the Address Latch Enable (ADE) controls the latching.
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5.5.3 Real Time Clock

A red time clock (RTC) with an FC bus interface has been included on the board, so
that future devdopment can access an independent timing mechanism.  This chip
requires its own 32.768 kHz crystd to provide the correct clock frequency. To dlow
for the clock period to be fine-tuned, a 5-25 pF capacitor is placed between the
ocillator input and Vdd. To ensure that the RTC continues to operate in the event of a
power falure to the development board, an independent battery backup circuit has been
incdluded (3V coin cdl-implemented in the same manner as the 9V battery backup used
in Section 5.5.1). Figure 5-14 shows the RTC unit and associated battery backup.
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Figure 5-14: Real time clock circuitry and associated battery backup

5.5.4 Serial Communication

To dlow code to be uploaded to the microcontroller, a serid interface was developed to
dlow a computer to transmit data via its seriad port to the '552.  As the output from a
computer’s RS232 port is = 10V, this signd has to be converted to the same 5V logic
level as the '552. This is implemented usng a MAX232 chip. Figure 515 shows the
implementation of the MAX232 chip with the serid interface.



106  TheCreation of an Autonomous Multi-Terrain Mechatron

2 \| 1 1
Dbt ¢
ci- 9 2
V+
2 M1 4l
5 o5 v. le 2 \|1
1 L
F =
1 14 F 5
5 oI 00 [ = 3
RTSI RTSO ——KTX %—1—0°
12 a 13 s [°
RDO RDI =——<KRX 81,
9 Z 8 3 1o
cTso © cTsl >
22 ] 0
10 ECE R
x—11o

CONNECTOR DB9

Figure5-15: Serial input interface for the'552

55.51/0 Ports

The '552 microcontroller has six onboard 8 bit ports. Ports O and 2 are used to address
the RAM. Ports 1, 3, 4, and 5 are multifunctiond, the dternate functions of which are
shown in Table 5.2. Ports 1, 3, 4, and 5 dso include a buffered bank of LED arrays to
indicate the status of each bit on the port. The ports are buffered so as not to adversdy
affect the I/O port's logic levels. In the event that the unit is required to run under
minima power, the LED’s can be disabled via the remova of the LED Enable jumper.

Port 5 aso has a series of eight switches attached to each of its 8bits. This dlows for a
digita sgnd to be loaded onto the port via the switches. This input can be isolated
from port 5 by disabling the tri-ate buffer. All ports except 0 and 2 dlow for externa

connection via PCB mount wire clamps around the perimeter of the board. The clamps
dlow for easy access and connection to the board by externa circuits and peripheras.

Each independent clamp has ten connectors for each of the 8bits as wel as +5V and

Ground.
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Port Additional Function

P10, P11, P12 P13 Capture Timer input for Timer 2

P14 Timer 2 event input

P15 Timer 2 reset

PL6 Serial clock line (12C bus)

PL7 Serial port (12C bus)

P3.0 Serial input Port (UART)

P3.1 Serial output port (UART)

P32 Externa Interrupt O

P3.3 External Interrupt 1

P3.4 Timer 0 external input

P35 Timer 1 external input

P3.6 External data memory write strobe
P3.7 External memory read strobe

PA.0—- P45 Timer 2 compare and set/reset outputs
PA.6, PA.7 Timer 2 compare and toggle outputs
P5.0-P5.7 Analogue ADC inputs

Table5.2: Alternatefunctionsfor ports1, 3,4and 5

5.5.6 Operation

Power:
The man power isolation to the board is controlled via a single pole, sngle throw
(SPST) switch.

Run/Download:

A DPDT toggle switch is used to switch between the run and download modes for the
'6552.  This switch sdects the read and write access modes between the '552 and the
RAM.

Reset:
A momentary pushbutton switch resets the '552, dlowing the ingtaled program to dtart
from its initid conditions A cgpacitor and a resstor could have been ingdled to
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control the period that the switch must be depressed to reset the '552, but as an ingtant
reset was idedl, the resstor was omitted.

Figure 5-16 shows the completed ’552-microcontroller development board. Figure C.3
and B.4 shows the complete schematic for the '552-microntroller development board,
and the scale dimengoned drawing of the acrylic case respectively.

L

Figure 5-16: '552-microcontroller development board

5.6 RADIO CONTROL UNIT AND INTERFACE

To ad in the trangportation of the unit, a radio control unit has been interlinked into the
552 microcontroller. This interface permits an operator to manoeuvre the unit around,
including driving it up onto a trainer for trangportation without requiring a least two
people to lift the unit. Once the unit has reached its destination, the radio control can be
disengaged dlowing for an internd control system (autonomy control) to take over. A
pre-manufectured 2-channdl radio control unit was purchased for the radio interface.
The two-channd recelver is integrated into the development board dlowing the '552 to
interpret the received sgna from the hand controller, and process the sgnd into a
auiteble input for the motor drivers.  Figures 5-17 and 5-18 shows the two-channd
radio control set, and receiver unit respectively.
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Figure5-18: Receiver unit

The receiver is interfaced with the '552 rather than the DAQ card to dlow the unit to be
controlled via the radio transmitter without the main computer having to be powered up,
alowing easy mobility and less power consumption during trangt.

Eight AA batteries power the hand radio trangmitter, accepting a norma supply voltage
between 9.6 — 12VDC (Nickel Cadmium or Alkdine). The trangmitter will continue to
transmit with an input voltage as low as 7.8VDC, dthough the output signd power is
subgtantialy reduced. The receiver is intended to be powered by 4 AA Dbatteries,
dlowing for a normd input voltage between 4.8 — 6VDC. As the robot’'s systems have
a multitude of regulated 5V power supplies, the receiver does not require an additiona
battery pack. The transmitter and receiver have matched crystals to operate at 26.995
MHz in the AM band.
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5.6.1 Recelver Output Signals

When viewing the output sgnas from the receiver, a pulsed square wave is obsarved
with a period of 19.22ms and a pulse width of 1.53ms. This generates a continuous
operating frequency of 52.03Hz. When the controls are dtered on the transmitter, the
pulse width dters (period remains congtant). The minimum pulse width produced is
1.14ms and the maximum pulse width is 1.89ms In the default podtion on the
trangmitter, the 1.14ms pulse width represents full throttle forward, dthough the
reversng switches on the transmitter can sdect the date.  Figure 5-19 illudrates the
initid recever dae (dationary), full throttle forward (default), and full throttle in
reverse repectively. The dgnds in Figure 5-19 have been measured with a 6VDC
input into the receiver.

Statlonary
(Steady-State

—o|e153ms —o| | 1S3ns

| |
Full Throttle

| |
| Forward (Default) |
| |

Full Throttle
| |
| Reverse (Default) |

o —1:89Ms . —L:89ms
e 1922ms 0 ]

Figure 5-19: Receiver output signals; a) initial receiver signal (stationary), b) full

throttleforward, c) full throttlereverse
5.6.2 Converting Receiver Signalsinto PWM Outputs
In order to control the PWM sgnd through the radio control unit, the microcontroller

has to be dle to interpret the deady date (Sationary), 1.14ms pulse width for full

throttle forward, and the 1.89ms pulse width for full throttle in reverse.
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As with éectric modd arcraft speed controllers, on dart up, a cdibration sequence
initiates.  During this sage the microcontroller scans the incoming sgnd from the
receiver for a set period to determine the steady state pulse width. The signd is scanned
usng an externd interrupt (INTO — IEQ) on the '552. When the interrupt is triggered
(by the leading edge of the firg pulse) a timer darts to count until the faling edge of the
pulse is detected.

Once a predefined period has passed (1 - 2), a ggnd is relayed to the operator (via
LED output), to indicate that the steady State has been determined, and to request full
throttle forward. This sequence repeets for reverse dso. Once dl three vaues have
been determined, the respective counter values can be used to generate PWM dSgnas

basad on incoming pulse widths from the receiver.

For the receiver speed controller interface, only five incrementd PWM outputs will be
implemented in both the forward and backward directions (pwmsgp 100,150 200,250). ThiS IS
due to both the track configuration and the resolution of the output from the receiver.
To ensure that interference fluctuations from the recever do not affect the dationary
postion, the firda PWM output will not initigte until a 0.08ms differentid is detected
from the Steady State position.

When a large pulse width (greeter than 1.60ms) is detected by the micro, a Sgnd is sent
to the direction control trangstor BST704A (Section 5.4.2) prior to sending the PWM
dgnd. This ensures the motor is travelling in the correct direction prior to the PWM

input.

5.6.3 Steering Under Radio Control

As the recever has two channds, it is possble to control each motor independently
usng each lever of the control. Each channd on the receiver controls an independent
PWM sgnd, and is scanned with a separate externa interrupt and timer. Figure 520

illustrates the sequence of generating amotor response from a transmitted radio sgnd.
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Radio Control
Receiver

Channel1 | |

v

'552 Eternal
Interrupt O

A

Timer O (Period
of Pulse Width)

y

Direction & PWM

Channel 2

v

'5652 External
Interupt 1

A

Timer 1 (Period
of Pulse Width)

Conversion

Direction Speed
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Figure 5-20: Motor control sequence from a transmitter radio signal

5.7 DAQ CARDHUB

The DAQ card hub has three 25 pin Dsub (ECP) ports, which alow peripheras to be
directly connected to the DAQ card. The hub provides a means to connect components
in a less congested format, away from the centra computer. A large ribbon cable
amply interconnects between the DAQ card and the hub, dlowing for easy separation.

Figure 5-21 shows the DAQ card in its customised acrylic case. Figure B.5 shows a

scae dimensioned drawing of the DAQ hub case.
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Figure5-21: DAQ hub

5.8 INTEGRATING SENSOR ARRAYSAND NAVIGATIONAL

EQUIPMENT

This project implemented many of the sensors and navigationd equipment discussed in
Section 24. All equipment was designed, manufactured, and purchased to suit both
indoor and outdoor conditions, which could include poor weather and rough terrain.

5.8.1 Infrared Proximity Sensors

Prior to the implementation of a laser range finding device, IR sensors are to act as the
primary obstacle detection mechanism. They ae chosen for their performance,
compactness, ability to operate in poor weather (as compared to ultrasonic transducers),
and because they are easily mounted (pre-manufactured units).

In reviewing deveopment work on IR detection underteken a the Universty of
Walkato in the past for the micro-mouse projects, IR detection units were operated
reliably up to distances of 50cm (Taberner, 1994). Data sheets for current pre-
manufactured IR proximity detection units indicate that sensors with an 80cm range are
available for rdatively low expense. As a result, Sharp GP2D12 IR proximity sensors
(shown in Fgures 5-22 and D.6) have been ingdled around the perimeter of the
chassis.
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Figure 5-22: Sharp GP2D12 IR proximity sensor module

The emitter and detector are podtioned 20mm gpart in an enclosed seded unit. Al
associaed circuitry is sdf-contained within the module, generating an andogue voltage
output corresponding to disgance. The GP2D12 is configured to reduce the influence of
the colour of reflected objects as wel as ambient light with a series of onboard filters
and dgnd amplifie's.  This additiond dSgna processing extends both the range and
accuracy. The operating range of the sensor is between 10 to 80cm, which generates a
corresponding average output of between 5 and 0.2V respectively (Vcc = 5V). Figure
5-23 shows the experimentally determined output voltage versus distance to object
(Vee=5V) for both shiny and textured white and black surfaces. From Figure 523, very
little deviation can be seen between the matt black and white textured surfaces. Figure
5-24 shows the sensor output for both gloss black and white surfaces. Figure 5-25
shows the average experimentdly determined laterd detection profile of the sensors
usng a 100mm mait white block as a reflective surface. Each set of angular readings
was taken at 5cm incrementa steps from the sensor.
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Analogue Voltage Output (V) versus Distance (cm) from
Sharp GP2D12 IR Sensor - Textured Matt Surfaces
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Figure5-23: GP2D12 sensor output versus distance to object (experimentally
determined) for matt surfaces

Analogue Voltage Output (V) versus Distance (cm) from
Sharp GP2D12 IR Sensor - Smooth Gloss Surfaces
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Figure5-24: GP2D12 sensor output ver sus distance to object (experimentally
determined) for gloss surfaces
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With no reflective surfaces in the path of the sensor, the output voltage fluctuated
between 0.27 and 0.30V.

Sharp GP2D12 IR Sensor Experimental Angular Detection Profile
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Figure 5-25: GP2D12 lateral detection profile (experimentally deter mined)

The outputs from the sensors are fed directly into the DAQ card as part of the integrated
sensor array (processed by LabVIEW).

Due to the physcad sze of the tracked drive platform, a series of IR sensor packages
have been placed around the entire perimeter to reduce the risk of not detecting an
obstacle.  Figure 5-26 shows the layout of dl eght of the IR sensors around the

perimeter of the drive chassis.
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Figure 5-26: IR sensor locations

The front sensors provide the most important information during normd trave,
enabling course correction upon detection of an obstacle. The sde sensors can be used
in conjunction with the compass, GPS, and shaft encoders, when a continuous obstacle
such as a wal is detected in order to maintain a constant separation distance. The sde
sensors can aso be used to ensure that an obstacle will not make contact with the unit

during aturn (especidly a gtationary turn).

Due to the configuration of the drive system, objects that are lower than 10cm from the
ground do not need to be detected as they will safely pass under the central chassis or be
negotiated over by the track modules. Therefore, the front and back IR sensors have
been positioned on the upper chasss tray, 22.5cm from the ground, and 8cm from each
end. The sde IR sensors have been placed 22cm from the ground (due to the limited
height of the sde plates), and 10cm from each end of the track modules (measured from
the edge of the sSde plates dong the horizontd plane).

5.8.2 Tactile Sensors

Although not implemented a the completion of this project, the desgn and
development for the addition of tectile sensors has been completed. To perform this
operation, eight NTE-5A micro-switches have been purchased. Each micro-switch is to
be located in smilar postions to the IR sensors.  Four independent spring loaded ‘bump
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bars are to be fixed in podtion dong each face of the chasss. When contact is made
with the bars (the bars only require a 6mm deviation from their equilibrium postion),
the corresponding micro switch(es) sends a signd to the DAQ card. Although rdatively
crude, the device can determine where the initid contact was made (relative to each
switch on each face). Figure 5-27 illudrates the location of the tactile sensing
equipment. Both the IR and tactile senang methods minimise the chance of an obstacle
being undetected, but do not guarantee againg an obstacle that comes in over or under
the sensing zones.

It is the intention that the additiond sensors (GPS, compass, shaft encoders) in
conjunction with software would be adle to disinguish when the unit is dationary, yet
should be moving.

Figure 5-27: Sensing planes and undetectable dead bands

5.8.3 Shaft Encoders

The Mechatronics Group has experience with the Hewlett Packard HEDS-9040 two-
channd pre-manufactured optica shaft encoders and HEDM-5120 metal code wheds
(ilugrated in Figure 5-28). These units dlow for very precise measurement of angular
displacement with 512 Counts Per Revolution (CPR).
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Figure 5-28: HEDS-9040 shaft encoders and coded wheels

The HED series units are ided for precise enclosed applications that are free from
foreign meatter, but are prone to both damage and signa corruption in this project’'s
operating environments. The other disadvantage is that an accumulative counter would
have to increment 201900 times per revolution of the bet, as shown by Equation [5-1]
(assuming the encoder disk is attached to drive shaft out of the gearbox).

track 9* N

encoder =C cpr éN gearbox Eqn [5'1]
planetary Q
=512 * 394.33
» 201900
where: Cencoder = totd number of counts after one revolution

CWepr = code whedl (CW) CPR (constant)

To both reduce the counts an accumulator has to make, and to increase the operating
tolerance, a customised shaft encoder unit is required. Such a unit requires a solid
method of attachment to the output shaft in the area avalable without fouling the
chassis, motors, or track modules. Also required is a robust optical sensor that can be
esdly mounted to suit a customised CW. The HOAZ2001 transmissve optoschmitt
sensor (shown in Figure D.7) is a fully integrated sensor in a package that dlows for
easy attachment (through bolt holes) and can accept a CW up to 3mm in width. With
the configuration of the motor mounts (illustrated in Figure 3-40), additiond plates have
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been mounted to dlow the HOA2001 sensors to dign themselves with the centrd axis
of the drive shaft. Figure 5-29 shows the plate mounts for the opto-sensors.

Figure 5-29: Additional plate mountsfor the opto-sensors

There is only one available location to mount the CW’'s on the gearbox’s output shaft.
The CW must be fixed in between the motor and the indde of the drive coupling, as
there is only 0.5mm clearance on the other dde of the coupling. To generate an
adequate surface to mount the CW, the insde outer surface of the drive couplings were
faced in the lathe. The face was then tri-sectored, marked haf the distance in from the
inner and outer edges, and drilled usng a A5/32" bit. The three holes were then tapped
to suit a A3/16° BSW thread. Figure 5-30 shows the completed face of the inner
section of the drive coupling.

Figure 5-30: Customised face on theinner section of the drive couplings

With both the CW surfaces completed and the optical sensors mounted on the added

mounting plates, accurate measurements could be taken to determine the precise
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required diameter for the CW (A£79mm). To ensure a perfectly round CW relaive to
eech drive coupling, 3mm auminium plate was cut oversze, and mounted to each drive
coupling uang AE3/16"x3/4” BSW brass bolts (shown in Figure 532). This dlowed for
eech drive coupling to be mounted in the lathe, and have the duminium plate precisgy
turned down to Sze. After the outer face was reduced to Sze, the inner diameter could
be machined aitt (using a fine boring toal in the lathe) to it the 17mm drive shaft. The
thickness of the plate was reduced to 25mm, 10mm in from the outer edge, to ensure
there was adequate clearance for the sensor (3.05mm sensor opening). The keyway was
then drilled out and filed square.

The number of holes to be bored around the perimeter then had to be caculated.
Idedlly, due to the gear retio between the drive pulley and the track, fewer holes would
be preferable providing resolution was not severdy reduced. With the gear ratio from
the drive pulley to the bet being 12:1 (refer Section 2.3.2), the bdts travel 0.19m per
revolution from the gearbox (2.3m bdt length). Hence, twelve, 30 degree incrementd
steps would produce a linear travelling distance d just under 16mm, which is more than
adequate for the terrain and drive system.

Each duminium disk was scribed & 30-degree incrementa steps over its surface, and
marked 5mm in from the outer edge (usng the lathe). A series of tweve AL/8’ holes
were then bored at the intersection of the scribed lines. Figures 531 and 532 show a
completed duminium CW and asssmbled CW and drive coupling respectively. Figure
A.22 illudrates a scale dimensioned drawing of the CW.
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Figure 5-32: Assembled code whedl and drive coupling unit

Figure 5-33 beow shows the completed units assembled on both the drive shaft and
moator mounts, illustrating the find configuration of the odometry unit.
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Figure 5-33: Completed ingtallation and assembly of the odometry units

The HOA2001 has five terminds, two from the emitter and three from the detector.
The anode on the emitter is connected to the universa 5V supply of the robot, and the
cathode is comected to ground (negative earthing plane). 5V and eath ae dso
connected to the detector circuit, with the remaining output termina connecting directly
into the hub for the DAQ card.

5.8.4 Electronic Compass

The eectronic compass chosen for this project is the Vector V2X. As with most of the
other components, the VX2 was chosen for its functiondity per dollar, with a
sgnificantly lower price than most of the other available units on the market. The VX2
is a 2-axis magnetometer that measures the dectric fidd in a dngle plane  The
measurement plane is created between two perpendicular sensors.  The sensors measure
the Eath’'s magnetic fidd to determine the heading. The mgor disadvantage with the
VX2 is its lack of gyroscopic ability to ensure that the sensors remain pardld with the
water line on the surface of the earth. If the sensors are not pardld, error factors occur.
Although a compass with a built in gyroscope would reduce the heading errors, it would
not give any indication of the differential gradient. Therefore, a yaw and pitch sensor is
ided to correct heading erors usng gradient correction conversons, as well as
generdting feedback to other sysems. The addition of mechanicad gimbas could be
used to generate a natural gravitationd leve.
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Under norma (leve) conditions, the V2X has an operating resolution of 2°. In
cdculating the adequacy of the resolution, it can be seen via Equation [5.2] that this
produces a laterd offset of 35mm over one metre.

DL =d*sn(2) Eqn. [5.2]
=1*0.035

= 35mm

In conjunction with the odometry and GPS, the resolution calculated from Equation 52
provides adequate feedback to dlow the drive system to track accurately. Figure 534
showsthe V2X compass.
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Figure 5-34: V2X electronic compass

The V2X produces a binary coded decimd (BCD) or binay output format, which
relates to the heading in degrees. For this project, the BCD format has been
implemented. The dgnd coming from pin 2 of the device is the serid data output
(SDO) which when pin 9 is low, sends a BCD output relative to the bearing. Figure 5
3 illugtrates a 356-degree signd coming from SDO in BCD format.
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SDO = 1101010110;

BCD bits: 1 1 0 1 0 1 0 1 1 0
Val ues: 200 100 80 40 20 10 8 4 2

SDO out put is equival ent to:

SDO © 200 + 100 + 40 + 10+ 4 + 2
° 356

Figure 5-35: BCD format for 356-degrees coming from SDO

The SDO is fed into LabVIEW where a BCD conversion is caried out to convert the
dgnd into a redive angular coordinate system, to integrate with the information from
the other systems.

5.8.5GPS

The Motorola M12 Oncore GPS unit provides a cost effective solution in an extremey
sndl package. In addition to its size, the M12 has enhanced foliage and urban canyon
performance, with an extremdy fag Time To Frg Fix (TTFF), and reguidtion time
rating. An additiond benefit of the M12, is its inbuilt inverse differentid GPS, which
dlows for improved positioning between a centrad base station and other GPS units with
the same functiondity.  Including latitude, longitude, and dtitude, the M12 dso reays
information on veocity, heading and time, which it can trander via a Software
sdectable output rate through communication ports. Figure 5-36 shows the complete
M12 GPS unit.
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Figure 5-36: M12 GPS unit and antenna

In order for the M12 to recelve dgnds from sadlites, an associated antenna must be
connected. Included within the antenna module are a microgtrip patch antenna, ceramic
radio frequency (RF) filter, and a dgnd preamplifie.  The module is desgned to
receve L1 band sgnds a a nomind frequency of 157542 MHz from the GPS
satellites.  Figure 5-37 shows a cross-sectiond view of the antenna gain pattern dong a

fixed azimuth (vertical cut).

Figure 5-37: Active antenna gain pattern
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Although the antenna will operate within the duminium case encgpsulaing the roboat, it
will be mounted on the highest verticd horizontd plane to reduce the risk of any

possble sgnad degradation caused by being conceded within the outer case (illustrated
in Figure 5-38).

N

I~ GPS Antenna
L— Mounting Location

Figure 5-38. Antenna mounting position with respect to the outer casing of the

robot
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6. SYSTEM INTEGRATION

The robot's control system is based around the centrd computer, which transmits and
receives dgnds to and from the onboard dectric sysems via the DAQ card. As
discussed in Chapter Two, these sgnds are intended to be interpreted by a red-time
software package (LabVIEW), to provide an intdligent, integrated method of control.
By developing software to complement the aray of sensory equipment, the unit can
obtan a cetan degree of autonomy in its mobility. Due to limitations with the
interface of LabVIEW with the IOTECH DAQ cads and time congraints, the
programming of the control theory within this section is conceptua, and has not yet
been implemented.

6.1 LABVIEW

LabVIEW is a programming development agpplication which uses a graphical
programming language, G, rather than being text-based such as C and Pascal. G code is
developed around interconnected block diagrams to build up a program. Each block
can be built up of a series of more complex modules, to create a layered high-leve
goplication.  As with other programming languages and applications, LabVIEW has
extensve libraries of functions and subroutines for most programming tasks. LabVIEW
adso contains application specific libraries for data acquistion, alowing equipment such
as sensors, indruments, and controls, to communicate bi-directiondly through a DAQ
card directly with LabVIEW. Programs developed in LabVIEW are defined as Virtud
Ingruments (VI). LabVIEW is the primary programming language used in for this
project to control al equipment connected to the DAQ card.
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6.2 SPEED & SLIPPAGE

6.2.1 Speed

The odometry units illustrated in Section 5.4.3 are the primary sensory devices used to
establish and thereby control the speed of each track module. For each hole on the code
whed that passes the optical sensor, the unit recognises a linear distance travelled of
16mm. The speed is determined via a software counter for each Shaft Encoder (SE),
which multiplies the number of counts by 16mm and divides by the time passed to
generate a relative speed in metres per second (m/s). Figure 61 shows the basic flow

diagram for each SE'ssignd processes.

Timer Array (T)

Time

R

» B n
\, Counts /

Total Counts (C) Distance (D) Velocity (V)

Signal from Shaft Output Velocity
Encoder (V) [m/s]
. (Distance Travelle
(©) [m]

Figure 6-1: Shaft Encoder’ssignal processto compute speed and distance travelled

The timer aray in Fgure 6-1 consds of a saries of cdls tha has its indexing
incremented in conjunction with the counter to enable the time of each count to be
dored in the indexed location. The time between each count is the previoudy sored
vadue minus the current reading. The indexing system is a rolling array with three cdls,
overwriting the initid vaue on the preceding sgnd. The sysem indexes the memory
aray asillugrated in Figure' s 6-2 pseudo code.
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Conti nuous Loop: % Assuning all array cells have been set to O
for i =0, i £ 2, i++
{%Wait for a pulse signal fromthe SE
Signhal: t; = time of signal (via software clock);
if(ti =0)
break % initial condition when array does not have val ues
stored

else if(t; = 0)

Ti me between counts to - t

br eak

el se
Ti me between counts = t 1) - t;
Br eak

i ++}

Figure 6-2: Speed correction pseudo code

In conjunction with the SE method of tracking speed and distance travelled, the GPS
adso trangmits a redl-time sgnd on the current velocity and course.  The integration of
the GPS asatool for determining dippage is discussed in Section 6.2.2.

6.2.2 Slippage

By itsdf, the SE have no way of determining the loss of traction that occurs during
normd travel. As terrain and conditions dter over a path, the amount of lost drive can
sgnificantly vary, not only across the drive system as a whole, but between independent
track modules. The GPS is one of the best ingruments to ad in determining the amount
of log traction, and thereby helping the control system to make corrections to the drive
controllers.  Due to moderate errors that can cloud the accuracy of the GPS, other
ingruments such as the SE and compass must adso be incorporated into the motor

control to reduce inaccuracies.

Two factors cause the mgority of lost traction, the rate of accderation, and the
environment.  Under the norma operation of the motors, the control system idedly
wants to maximise the rate of acceleration up to the required veocity, while reducing
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the amount of overshoot and oscillation (discussed in Section 6.6.5). In conjunction
with both the type and gradient of the surface, the rate of acceeraion, and find velocity
may have to be subgtantiadly lowered to reduce dippage in order to maintain postive
control. If a dgnificant amount of dippage occurs, it not only affects the efficiency of
the drive sysem, but dso subgantidly reduces the controllability. Without postive
control, the robot can not only become dangerous, it could aso incur serious damage.
In order to detect the amount dippage, the GPS signas for speed and distance travelled
must be compared to the speed of rotation of the CW. If the detected speed/distance
travelled by the GPS does not coincide with the output from the odometry units
(exceeds an dlowable standard deviation eror), then dippage is occurring, and the
velocity of the motor should be dropped until the speed/distance is within adequate
boundaries. Figure 6-3 illustrates the generic process flow diagram for the interface of
the GPS and odometry units with the motor’ s control system.

Distance (D)

Output i Distance Travelled Error
GPS pi N Distance
/ Comparitor
4
Velocity (V)
Output N Right Velocity Right Drive Motor Error
Comparitor
A
N Left Velocity Left Drive Motor Error | / Drlvslgotor
. >
Comparitor \ Controller
Velocity Corrected Left Motor
Left Shaft Encoder] ) Signal .
Distance Left Drive Motor
(D)

N ean Distance

Travelled

Corrected Right
Motor Signal < )

»{ Right Drive Motor

Velbcity

{ Right Shaft > ) V)
Encoder 4 Distance

(D)

Figure 6-3: GPS & odometry interface to reduce dippage dueto over acceleration
and speed

As can be seen from Figure 6-3, comparative computations are performed to find the
differential errors between the SE and the GPS.  This information is fed into the drive
motor's Proportiond, Integra, and Differentid (PID) controller (discussed in Section
6.6.5). Adjustments are then performed by the control system, relaying the corrections
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back to the motor drivers. This system dlows for continua red-time feedback to
reduce dippage caused by excessive speed and acceleration.

6.3 COURSE CORRECTION DURING UNRESTRICTED

MOVEMENT INA STRAIGHT LINE

6.3.1 Previously Used Methods

Other indoor projects developed at the University of Waikato have used only SE and IR
sensors to correct for heading errors while moving in a graight line. This is performed
by udng the IR sensors to continudly transmit feedback to the motor driver control
sygem on any differentid fluctuation between the sensor pairs on eech side of the
devicee. A continua feedback system ensures the device runs pardld with the wals.
Usng the IR system dso dlows for an auto cdibration to be performed to generate a
correction factor to be multiplied with a SE counter to reduce tracking errors. Figure 6
4 illugrates a generd tracking error due to fractiondly different tyre diameters.  When
wallsobstacles are outsde of the IR sensor's range, there is no way of correcting for
any deviation in course until an obstacle is detected. As per the dashed line in Figure 6
4, in an open environment this tracking error could result in the unit losgng orientation,
though it dill believesit istraveling in agtraight line.

[nhtended Path
Mphile Linit

. \ASonsor Correctad Path
N

S — <¢ID Corrtraller>
~

-
~

Uncorrected Path

Figure6-4: Trackingerrors, and IR course correction

The corresponding indoor course correction control flow diagram is illustrated below in

Figure 6-5.
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Right Front IR
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Right Shaft
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Right Drive Motor }«

HIUMCAY

Figure 6-5: Control system for indoor unit with only SE and IR sensors

6.3.2 Full Integration of Sensorsfor Course Correction

The SE's provide the primary feedback for the correction in motor speeds to maintan
couse. The course itsdf is checked againgt both the outputs from the compass and the
GPS. Both the compass and GPS not only provide a secondary backup for the course
correction operation if one device was to fal, but it dso dlows for any incorporated
errors in the output to be averaged prior to adjusment. If a tilt sensor could have been
purchased, this would have been interfaced with the compass to correct for any error
factors due to incline.  Although the GPS has recognised globa errors in pogtion, its
heading output is not affected by the gradient of the device.

The firg stage of the sensor integration is to covert both the compass and GPS output
bearings into the same format for andyss. Once in the same format, the two readings
can be combined to minimise errors in the readings. For more accuracy, an output on
the number of satellites acquired by the GPS can be fed into a controller to weight the
precedence of the GPS versus the compass. The minimum would be four saelites
(enabling 3D bearings. latitude, longitude, and dtitude) prior to the GPS heading having
a greater weighting than the compass heading. As more satellites are acquired by the
GPS, the relayed heading from the combined signd of the GPS and compass contains a
higher percentage of the vaue from the GPS.
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As the M12 GPS can track up to 12 saellites a any one time, experimentdly the
readings from the GPS versus the compass would have to be established over varying
terans to determine the weighting factors.  The combined output from both the
compass and GPS can then be compared with the heading required. The difference in
vaues would then be fed into a PID controller to smoothly adjust the motor speeds to
track the unit back on course. By having a well-tuned controller, the device should
quickly reacquire an accurate course without Sgnificantly overshooting the bearing.  As
with the method in Section 6.3.1, if the heading adjustments are continualy the same,
an auto-cdibration sequence can be included to dlow for any naurd deviaion in
course due to dight variances in the CW and track modules. Figure 6-6 shows the
control flow diagram for the course correction sequences using the compass, GPS, and
SE'’s.

Tracked Satellite Feedback

Output
Converter
Output
Converter
Corrected Left Motor Corrected Right

. Signal ; ( :
Left Drive Motor 2 Motor Signal »{ Right Drive Motor
Left Shaft Encoder Right Shaft
Encoder

Figure 6-6: Cour se correction sequence using the compass and GPS
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Required Heading
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PID
Controller
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i

The IR sensors are not included for course corrections that have not been prompted by
the detection of an obstacle. The integration of the IR sensors are discussed in Section
6.5.
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6.4 TURNING

Due to the tracked drive configuration, steering can only be performed by ether dtering
the speed of each TM or counter-driving the direction of the tracks to induce a pinpoint

turn.

6.4.1 Stationary Turns

To peform a dationary turn, the track configuration requires both drive belts to be
driven in opposing directions a the same rates. This creates a pivot point in the centre
of the unit, allowing the robot to turn within the arc swept out by its extremities. Due to
the nature of the turn and drive system, acertain amount of scuffing/drag will occur, but
is ggnificantly less than if one bdt was to reman dationary and the other was used to
drag the unit in the direction of rotation. Figure 6-7 illugtrates the two methods and
required areas to perform a stationary turn.

Original Heading

b N R B e e

7 T],1deal Pivoting Rotation

= '
LR

S W

..................

"= New Heaclng §

O

Veloclty Vectors

Figure 6-7: Stationary turn methods
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6.4.2 Mobile Turns

If the distance and area required to make a turn is not critica, a different technique can
be used to produce a smoother flowing turn. To control both the radius and speed of the
turn, the drive motors are controlled by ether increesng or maintaining constant peed
on the outer track of the arc, while decreasing the speed on the inner track. This
technique is used for the mgority of turns while the unit is in motion. To perform a turn
outlined in Section 6.4.1 while in motion, it would require one drive motor to de-
accelerate to a stop, and then accelerate in the opposite direction.  This would decrease
efficiency, and increese the amount of drag and dippage. Figure 6-8 illudrates the
standard technique used to turn atracked vehicle whilein motion.

———

Velocity Vectors

7

l [ /
/ / ]l / Tracked Course by Altering

/ Inner Tracks Speed

/

| |
| |
L

Figure 6-8: Standard turning technique whilein motion

6.4.3 Steering Control

In order for the unit to make an informed decison on the type and rate of the turn, it
requires the integration of dl of the sensor sysems and techniques outlined in Section
6.2. Figure 6-9illugrates the control input and output into a turning control module,
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Both the required change in heading and the current speed are fed into the steering
module to determine the method and speed of a turn.  Within the module, the current
goeed determines if ether a dationary or mobile turning method should be
implemented.  If the unit was aready in motion, the turning module sdects the rate at
which a mobile turn should commence. The speed of a track during a turn should not
exceed the maximum velocity set point determined by the traction controller (discussed
in Section 6.2.2). The more dgnificant the change in required heading, the dower the
internd track (with respect to the arc generated by the turn) will travel, to reduce both
the distance and time it takes to complete the manoeuvre. After the steering controller
determines the most efficient method, the rdative PWM and directiond sgnds are sent

to the motor drivers.

Left Drive Motor

Human Interface/Autonomy
Control System

( Required Heading Right Drive Motor
Left Shaft Speed Slg‘egng Motor
Encoder Comparator, Drivers
Controller

bt

Left Motor Direction

Right Motor Direction

Left Motor PWM Signal

Right Shaft

Encoder Right Motor PWM Signal

Figure 6-9: Steering controller process diagram

6.5 TERRAIN & OBSTACLE AVOIDANCE

The obgtacle detection interface uses dl of the pre-exising control systems developed
through Sections 6.2 to 6.4, with the addition of the IR sensors to detect and locate
obstacles.
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6.5.1 Obstacle Evasion

The only sensory means of detecting an obstacle not in direct contact with the unit is
through the IR sensors around the perimeter of the chasss. The IR sensors on the plane
facing the direction being travelled are the most important. All IR sensors ae
continualy scanning. When an obdacle is detected, the sensory control receives
information on the location and distance to the obgtacle. In order to differentiate
between each sensor and its location around the perimeter, each sensor is independently
attached to the DAQ hub, and numbered clockwise in software, starting at the front Eft
(illugrated in Figure 6-10). The course correction sequence for detected obstacles is
only initiated if an obstacle is detected in the sensors facing the direction, or intended
direction of travd. During norma operétion, the sde IR sensors will regularly detect
obgacles. These sgnds are generdly filtered and ignored, as they have no bearing on
the current course (illustrated in Figure 6-10). The Sde sensors become sgnificant
when the unit has to change direction (especidly for dationary turns), dlowing for the
intended heading to be scanned prior to commencing with a changein course,

[gnored Dostacle

Ignored uns-ums//'@ e
\

Figure 6-10: Filtered sensor readings
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If an object avoids detection by the IR sensors, and comes in contact with the unit, the
tactile sensors should activate once direct contact has been made. When activated the
tactile sensor(s) will relay asignd back to the main controller.

The find method for detection is in case both the IR and tactile sensors fal to detect an
obstacle. Figure 611 illugrates an example of the type of terrain that could alow both
the IR and tactile sensors to fail in detection process. If the undetected obstacle is
aufficiently large or solid to redrict movement, the GPS will detect, in conjunction with
the SE's, no (or little) movement for the motor output. In these circumstances the
traction controller will initiate. When this fails, the secondary mechanism will engage,
notifying that an undetected obdacle is redricting movement, requiring a course

change.

Undertechtable Overhangling Object

Figure 6-11: Possibleterrain profilethat can evade current IR and tactile sensor

configurations

6.5.2 Terrain Interpretation and Evasion Parameters

With the introduction of a yaw and pitch sensor, the dope of the terrain can be
determined and used as a method to reduce the risk of losing traction and perhaps even
rolling. This would only require a single interface to the course controller for sgnaling
the contour of the terrain. The sensor sgnal could then be compared to predefined set
points. As the signa from the sensor encroaches on the set points, a change of direction
could be implemented by the control system. If the signa equas or exceeds the limits,
the unit would track backwards aong the pah taken until the terran was sufficiently
level to continue on a different heading.
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6.5.3 Course Correction Dueto Obstaclesand Terrain

When an obstacle is detected in the mechatron’s path, the sensory control evaluates both
sensors on that plane to determine the location and size of the obstacle. Both sde
sensor pars are then scanned for obgtacles on the left and right. If an obstacle is
detected on only one side, the course can be dtered usng a mobile turn (Section 6.4.2)
towards he other gde.  As the turn is commencing, both the front and Side sensors on
the insde of the turn are used to detect further obstacles that may be in the way through
the turn. If no obstacles are detected, the movement would proceed away from the sde
that detected the obstacle a the front, otherwise a clockwise rotation is teken as a
default heading. Once the obstacle is cleared by the sensors on the outsde of the arc,
the course can be re-corrected pardld with the origind bearing. This cycle continues
until the unit isback onitsorigind course (using the GPS).

During mobile course correction turns, if obstacles continue to get closer to the unit, the
overall speed will decrease proportiondly to the detected distances to the obstacles.
When obstacles are detected at 40cm, al forward movement is stopped. This alows the
unit to perform a dationary turn (Section 6.4.1) to scan the terrain for obstacles.  After
the scan has been completed, the unit can continue on an unrestricted course, @rrecting

its bearings to eventudly continue onits origind path.

If the sensors detect obstacles that will make contact during a Stationary turn, the unit
will follow a reverse heading until it has sufficient room to proceed with a turn. Fgure
6-12 illustrates the control logic to be implemented to avoid obstacles.



142

The Creation of an Autonomous Multi-Terrain Mechatron

Front Sensors

!

Yes

Left Sensors

!

.| Obstacle Detected to
»

Yes

Right Sensors

!

Obstacle Detected to | YeS

Obstacle Detected

LNO

Continue on Course

Left

iNo

Right

A 4

Reverse Backwards
Until No Obstacles
are Detected

$No

1

Rotate to the Left While
Scanning in Front and to the
Left for Obstacles Until Path

Rotate to the Right While
Scanning in Front and to the
Left for Obstacles Until Path

Rotate 30-Degrees to
the Left

is Clear in Front J

‘ Yes

is Clear in Front

!

Obstacle Detected

Yes | Obstacle Detected in Yes| Obstacle Detected in
Front Front J No
No No
¢ Move Forward

Move Forward While
Scanning in Frontand to the |
Side Closest to the Original |~

Course
Obstacle Detected in
5 Front M

‘No

Obstacle Detected
on Side Closest to
Original Course

b

Obstacle Detected

A
>

|N0

Yes

No
Turn Slightly
Towards Original «
Course

!

Obstacle Detected in
5 Front

No
Is the Vehicle back
on the Original
Course

Yes No

Figure 6-12: Obstacle Evasion Control Diagram

6.6 MOTOR CONTROL THEORY & EVALUATION

To control the whedchar motors, it is necessty to develop a variable speed drive
sysem. In order for this to be done efficiently, it is necessary to determine the motor's
transfer functions.

6.6.1 PWM Control

Pulse width modulation (PWM) is a technique of using a square wave of congtant mark
to space ratio as an approximation to a DC supply voltage. The DC voltage is
aoproximately given by the amplitude of the square wave multiplied by the duty cycle.
The PWM sdgnd is defined by three properties a period T, duty cyde t/T, and

anplitude V,. If the PWM is passed through a low pass filter, the (co)snusoida
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components from the PWM waveform can be largely removed, leaving only the DC

term of:

Vi
T

u(t) = Eqgn. [6-1]

An advantage of the PWM system is that by pulsng the supply voltage, the amount of
continuous current being supplied to the motors via the motor driver circuits is reduced,
hence amplifying the motor driver desgn. The drive motors for this project are driven
from a 24VDC power supply. The speed a which the motors are driven is controlled by
the duty cycle of the PWM wave.

Due to the timing inaccuracies caused by the software and DAQ system on the main
computer, the '552 (Section 5.5) is used to generate the PWM dSgnd to feed the motor
driver circuits (Section 54). As the '552 is an 8-bit microcontroller, the PWM signd
has a maximum resolution of 256 (2°). In this implementation, the lower the value sent
to the PWM, the greater the time the output remains a 24V. Figure 6-13 illudrates
corresponding PWM vauesto sgnd waves.

+24V
ov

24V

PWMn =127

424V
PWMn = 222 H H H
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Figure 6-13: PWM sdignals and corresponding waveforms
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As the '552 has two independent PWM ports (PWMO & PWM1), isolated control for
each motor is possble. The ’552 uses an 8-bit pulse width modulation prescaer
(PWMP) to generate the repetition frequency, which supplies the clock sgna for the
counter. The repetition frequency fpwu a the PWM, outputs is generated by Equation
[6-2] below:

f
foun = 0sC Eqn. [6-2
PV 2% (1+ PWMP) * 255 an- 162

where fosc is the operating frequency of the '552, which is set to 14.75 MHz
Therefore, for this example fpwv = 28.9 kHz. The generated PWM dgnd is sent from

the 552 into motor driver circuit to control the speed of the motors.
6.6.2 Braking
Contaned in the back of the drive motor units is a braking friction dement. This

element can be engaged by sending an 8 — 16 VDC sgnd to the actuating solenoid.
Figure 6-14 illugtrates the system configuration &t the rear of each motor.
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Figure 6-14: Brake assembly
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Although this mechanism has little influence with regard to resstance gpplied to the end
of the motor shaft, it is extremely useful as a pak brake.  While the tracked
configuration requires an excessve gradient to induce a naturd roll (experimentaly
determined to be 32-34 degrees on a smooth timber surface) the braking mechanism can
ensure the tracks do not fredly rotate.

Due to the configuration of the drive system, once the PWM signd ceases, the unit will
hdt dmog ingantaneoudy on a flaa surface As discussed above, if the unit is

travelling on a gradient in excess of 30-degrees, the park brakes may have to be
engaged.

6.6.3 DC Motor Theory Transfer Function

A DC motor condsts of an inductor with a large number of windings in between a
magnetic fidd generated by permanent magnet. Conddering a smple inductor with a
gngle coll as shown in Fgure 6-15a the current passng through the inductor in the

presence of a magnetic field induces the opposing forces i and F,.. In accordance with

Lorentz Law:
FO)=1(t) xB Egn. [6-3]
where: B = magnetic fidd flux dengty
| = length of theinductor within the magnetic fidd
[(t) = Current flow through the inductor
LA a1 ;
a) b)

Figure 6-15: a) Single loop DC motor model b) Basic DC electrical model
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The torque on the motor shaft is given by:
T(t) = Kd (1) Eqn. [6-4]

where: T = induced torque

Kt = Brl = torque constant

When the armature (rotating inductor) dtarts to rotate in the magnetic fidd, it generates
avoltage which opposes the motor current, called the back emf (e) such that:

e(t) = Kew(t) Eqn. [6-5]

where: Ke = back emf constant; Ke = Ki = K

w =angular frequency of the armature
Rearranging the circuit illustrated in Figure 6-15b, and applying Kirchhoffs Law gives:

N di (t)
V@) =iOR+ L=

+e(t) Eqn. [6-6]

where i =themotor current
R = armature resistance

L = armature inductance

Evduding the mechanicd model, Newton's second law (Equation [6-7]) illustrates that
the gpplied torque is equa to the inertia of the armature multiplied by the angular
accleration of the motor. To smulate the mode as accurately as possble, it is
necessary to make alowances for subddiary forces such as viscous friction generated

by the armature bearings.

dw
dt

T(t)=J—"=+ Bw,(t) Eqn. [6-7]

where: T = motor torque

J =motor inertia
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W, = rotationa speed of the shaft

B, = viscousfriction

To control the drive motors as efficiently as possble, it is necessary to cdculate the
trander function for the sysem. To do =0 it is weful to goply Laplacian transforms to

convert from the time domain (t), to the frequency domain (S).

Converting Equation [6-6] to the frequency domain yields:
V(s) =1(s)(sL + R) + E(s) Eqn. [6-8]

where: E(s) = KW, (s)

Rearranging Equetion [6-8] gives

(9= (V(9) - KW (9) Eqn. [6-9]
Now evaluating the mechanical model, Equation [6-10] yields
T(s) = JSW, (s) + BW,(S) Eqn. [6-10]
Rearranging Equation [6-10] gives
T(s)= W, (s)(Js+ B,) Eqn. [6-11]

Equation [6-11] (mechanicd system) and Equation [6-9] (€lectricd system) can be
combined to obtain the transfer function between the applied voltage and the resultant
angular velocity of the motor, shown in Equation [6-12]:

Wm(s) _ Kt
V(s) KK, +B,R+s(B,L+JR)+JLs?

Egn. [6-12]

As the output from the motor is configured to drive directly onto the attached gearbox,
the output speed is reduced and the torque is increased. A secondary step further
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reduces the speed as the output shaft from the pulley drives onto the track (acting as a
secondary planetary gearbox). This series of reductions dters the mechanica system of
the motor, dowing the response and thereby increasng the mechanica time condant,
tm. As per Equation [2-2], the speed on the track can be related to the speed of the
motor by the following:

e N 0
Wt = (; track Ngearbox‘k Wms Eqn [6'13]
N . -
8 planetaryg [}
And the torque generated at thetrack is:
t k 0
T, = Sé rac f* Ngearbox:" T, Eqn. [6-14]
planetary /)] ]
where: w; = track speed
Wms= Motor speed
T, = track torque
Tm = motor torque
Thetotd torque for the system (t 1otar) Can be shown as:
age s ]
J +Q§M:* Ngearboxi ‘JL
U otar = peeee ﬂz Eqgn. [6-15]
Y
B +Q§ track —* Ngearbox: BL
planetaryﬂ 4]
e _J;
Smplified: Uiota = 5~ Eqn. [6-16]
BT
where: Jr =totd inetia
Br =totd friction
J. =loadinetia

B, =load friction



System Integration 149

The block diagram of the transfer function, including the gearbox, and planetary track
configuration is shown below in Figure 6-16.

Block 1 Block 2 Block 3 Block 4 Block 5

v s el 1 Lo [ e 1 |welEne e wel 1] a

C.
sL+R Js+B ENporery 5 s

Block 6

e(s) Ke

Figure 6-16: Block model of the DC motor transfer function

Block 1 in Figure 616 represents the dectric pole and acts as a low pass filter. Block 2
converts the dectrica current into torque for the armature. Block 3 acts as the
mechanicd pole, and block 4 represents the gearing mechanism, producing the find
output speed (\;). Block 5 represents the motor’'s position @m). Block 6 converts the
angular velocity into back emf.

6.6.4 Experimentally Deter mining the Motor Specifications

Due to the integrated configuration of the motors, the New Zedland manufacturer could
not supply the data sheets on the motors with al the required specifications. As per
Section 2.3.1, the maximum power output, no load current, torque congtant, and interna
resgance of the motors have been supplied.  The remaning informetion to be
determined included the inductance, back emf congtant, and the mechanicd time
condant. The inductance of the motor was measured a 040 mH. To determine the
back emf constant required the motor to be run as a generator, measuring the induced
voltage across the input terminas, generating a relationship between the output voltage
and the input speed. The experimentdly determined vaue was 4.0 V/krpm (0.2
V/krpm).

To determine the mechanicd time condant, a 24V-stepped pulse was used to dive the
motor while a data logger tracked the motor output (rpm) over time. The mechanica
time constant ¢,) is then taken at the point were the motor output reaches 63.2% of the
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maximum output. Fgure 6-17 shows the drive motor's step response for a 24vVDC
input.

Drive Motor Step Response (24V input voltage)
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Figure 6-17: Drive motor step response for a 24VDC input

From Figure 617 above, it can be seen that ty, is 0.241s as it takes 0.381s to reach the
maximum velocity of 4024 rpm.

6.6.5 PID Controller

Usng the motor specifications supplied in Section 2.3.1 and the constants determined in
Section 6.64, the step response was moddled usng Simulink, a dynamic system
gmulaion for Matlab. Simulink has been used to evaduate and tune the PID controllers
for adjusting the PWM sgna for optima control over steady State and trangent errors.
The advantage with a PID controller is its ability to provide an satisfactory degree of
eror reduction with suitable dability and damping.  The generd form of a PID

controller is given by:
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D(s) = K(l+%+TDS Eqgn. [6-17]
where: D(s) = controller transfer function
K =gan
T, =integrd time

Tp = derivaivetime

To obtan acceptable peformance for the system, the congants K, T,, and Tp in
Equation [6-17] must be carefully cdculated. This is referred to as “tuning the
controlle”.  To peform the tuning of the motor system, the Ziegler-Nichols method
was gpplied for a decay ratio of 0.25, so that the dominant transent decays to a quarter
of its vaue dfter one period of oscillation. Listed below are the Ziegler-Nichols tuning
rules gpplied for the PID contraller:

K=12/RL
T| =2L
Tp =0.5L

where K, R and L are determined from the unloaded step response (Figure 617), as
illustrated in Figure 6-17.

i K
/ Slope R = = reaction rate

Figure 6-18: Processreaction curve
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From the step responseillustrated in Figure 6-17, the following congtants have been
determined:

L =0.028

R = 12550

K =1255

T, =0.056
Tp =0.014

Figures 619, 620, and 621 illudrate the Smulink mode with a PWM input source of
initidly 50 percent, whedchair motor transfer function, and PID controller respectively.
Figure 6-22 shows the step response through the PID control system to obtain the
nomina motor speed of 3950 rpm.

Duty Cyele  Outd ] In 1 Cut | il

Original Duty Cycle Pulitd Source DC hotor odel Motor Speed

Dutz Inz fug out1ind g

FID Controller Differential Error

Figure 6-19: Overview of Smulink model of the drive motors

where the DC motor modd conssts of :

Block ? Block 2
1 1
i & e >{Kt >
Ind L.=+R ; J.=+B Outl
Transfer Fon Zain Transfer Fen
ke }(
izaini

Figure 6-20: Sub-system of the DC motor model within Figure 6-19
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Figure 6-21: PID control system

# Motor Speed f i ]

Figure 6-22. Step response through the PID controller to obtain a nominal output
speed of 3950rpm

The PID controller developed within Smulink has been desgned specificdly for the
mechatron’s whedlchar motors. The controller adjusts the duty cycle of the PWM
input to compensate for fluctuations in motor response. Due to time condraints, the

PID controller has not been indaled, but as Matlab is compatible with LabVIEW such
an implementation should be sraight forward.
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/. CONCLUSION

7.1 RESULTS

As outlined in the objectives in Section 1.2, a large-scde vehicle has been designed and
congdructed specificaly for coping with the chaotic nature of an outdoor environment.
The design dlows for rough terrain to be traversed through a powerful drive and
gearing system. The track dedgn incorporates a dynamic tendoning and bogie
mechanism that alows the tracks to contour to the terrain without deralling or jumping
teeth on the belt.

The scde of the vehicle dlows for a wide range of eectronic equipment to be carried
onboard, with a large battery reserve.  The dimensions of the vehicle dlow for a sable
chassds dedgn, reducing the risk of cgoszing while traveling across rough terrain.
Many messures have been taken to reduce the effects of environmental hazards, such
as zinc dectroplating of dl ferrous metds, the use of nonferrous metds where

gpplicable, and encapsulating dectronic componentsin acrylic cases.

The dectronics are based around a centrd computer, and another microcontroller has
been interfaced to correct for timing delays in PWM sgnds generated by LabVIEW.
As wdl as PWM dggnds, the microcontroller board includes additiond peripherds such
asaRTC, digitd input switch panel, and LED arraysfor port sgnds.

In addition to the condruction of a functioning drive interface, sensors have been
incorporated  within the vehicle, incduding IR proximity sensors, Shaft Encoders,
Electronic Compass, and GPS. Battery chargers have been indaled to alow direct
charging of the lead acid batteries through a single 230V AC connection.
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Due to the physcd sze of the vehicle, a radio control unit has dso been interfaced with
the microcontroller, enabling the mechatron to be easly transported without powering

up the entire system.

Appropriate high current motor drivers have been developed to accept a PWM signd
and supply 24V at up to 10A to the drive motors.

7.2 FUTURE WORK

The fdlowing extensons could be made to further develop the autonomy and
functiondity of the vehidle.

7.2.1 Laser Range Finder

A laser range finding device (discussed in Section 2.4.4) would endble the vehicle to
detect obstacles potentidly up to ten metres away. This long-range detection instrument
would be able to scan (up to 360-degrees) the terrain to locate the most efficient course
correction to avoid obstacles. A laser range finder has aready been developed for the
Mechatronics Group (Hurd, 2001). As the interface equipment is included onboard the
vehicle, few modifications would be required to implement such adevice.

7.2.2 Tactile Sensors

Due to time condraints, the atachment of the tactile sensors was not completed. Once
the duminium case is finished, the tactile sensors and bump bars are to provide
secondary protection from contact with obstacles. The interface and configuration is
outlined in Section 5.8.2.

7.2.3 Interface DragonTalk Voice Recognition Software

DragonTdk software has been ingaled on the onboard computer to provide a human
gpeech interface for recognisng and carrying out voice commands.  As DragonTak is
designed to covert recognisable audio into text based documents, it was intended to
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interface the dedgnated text commands into LabVIEW as sored dring arays.
LabVIEW has the ability to open and close documents and interface bi-directiondly
with documents. This sequence would alow DragonTak to convert audible speech into
text, then dlow LabVIEW to scan text documents for recognised commands
(comparing to stored text strings) and use the commands to activate vehicle systems.

7.2.4 Interface Pitch Sensor

As dated in Section 6.5.2, a yaw and pitch sensor is required to both reduce the risk of
sysem falure due to steep hazardous terrain, and to correct the eectronic compass
dgnd for heading erors associated with varying indines.  As the commercid sensors
are expensive, this could be implemented using either a series of mercury switches or IR
sensors. Mercury switches orientated at different angles could agpproximate pitch and
yaw in incrementd seps.  Comparing four IR sensors messuring the distance to the

ground could aso gpproximate the pitch and yaw of the terrain it is currently traversing.

7.2.5 System Integration mplementation

The system integration discussed in Chapter Six should be implemented as per the flow
diagrams usng LabVIEW. Due to the limitations with the IOTECH DAQ board, the
mechatron first requires a (more LabVIEW compatible) Nationd Insruments DAQ
cad. By usng LabVIEW in conjunction with such a DAQ card, dl peripherds can be
interfaced to the central compuiter, in an intuitive, modular, graphica format.

7.3 SUMMARY

This project has successfully developed a functioning multi-terrain vehicle.  Empheds
has been placed on the design and congtruction of the track configuration and chassis
desgn. The developed dynamic drive system is capable of traversng a range of
outdoor terrains.  All mechanical components have been designed for both practicaity
and operability, and are eadly assembled. The track module design reduces operating

wear, requiring little to no maintenance.



158  The Creation of an Autonomous Multi-Terrain Mechatron

To control and drive the motors, dectronics have been developed to interface both with
a central computer and additiond microcontrollers.  All onboard eectronics ae
powered by a self-contained battery source. The centra computer is powered through a
UPS and ATX power supply, and incorporates a DAQ card for interfacing system
peripherds. The microcontroller board has been over-designed to increase functiondity
both for development work, and future research. Human interfaces include a radio
control system and the potentid for gpeech recognition. Onboard charging units are
included to re-energise the batteries.

A range of sensng and navigation equipment has been interfaced to ad in intdligent
autonomous control for the future. Interfaced eectronics include an aray of eght IR
proximity sensors, shaft encoders, compass, and GPS. Consderation has been given to
the interfacing of the control system to the sensing and navigation eectronics.

Extensve measures have been taken to reduce environmenta effects (such as weather
conditions and datic eectricity) on the vehicle, including the encgpsulation of sendtive
electronic equipment.  Independent acrylic cases have been made for each set of
circuits. This dlows each circuit to be accessed separately and enabled a compact
utilisation of space within the internd cavity of the vehidle. The acrylic casing dlows
for dl components to be clearly visble during development.

Figure 7-1 shows the completed multi-terrain vehicle (excluding case). Fgure 7-2
shows the completed mechatron travelling outdoors.

Figure 7-1: Completed multi-terrain vehicle
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Figure 7-2: Mechatron travelling outdoors

Included on the CD-ROM & the back of this thess are videos of the mobile vehicle in
operation.

This project has exceeded the origind objectives. In addition to completing a mobile
multi-terrain  device, the unit developed is phydcdly larger than that expected, and
therefore has the ability to carry a far greater payload. The mechanica component of
this project required more resources, and was far more complex than the origind
proposal predicted. This was manly due to the unavalability of pre-manufactured
components and designs. At the completion of this project, a suitable foundation has
been developed to continue research usng multi-terrain vehides a the Univergty of
Waikato.
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SEMICONDUCTOR

TOSHIBA

TECHNICAL DATA

i

£

TOSHIEA PHOTOCOUPLER
TLP62D, TLP620-2, TLP620-4
Gahs IRED & PHOTO-TRANSISTOR

[T
PROGRAMMABLE CONTROLLERS Unit in mm
AC{DCANFUT MODULE o e L Hing
TELECOMMLUMICATION J
—1 9
i £
The TOSHIBA TLP&20, -2 and -4 censists of a photo-transistor [ R]
aptically cowpled to two gallivm argenide infrared emitking dicde IJ. I 'fl i
connected in inverse poarallel S i _'m;!.['
The TLP620-2 offers two Izolated channsls in an eight lead plagtic wafl T 5
DIP package, while the TLPG20-4 provides four isolated channels in = F
a sixteen plastic DIP package, JEDEC =
ELAT e
#  Collector-Emitber Vollage : b5V (Min)
TOSHIBA 11-5B2
# Current Transfer Ratio ¢ 50% (Mink TLPE20-2
Hunk GB @ 100K (Min,) R R0
AN CONFIGURATIONS (TOP VIEW) o
TLP&ZD TLPG20-2 TLPG2{-4 i
10—— 34 10 & 10 016 amh
& #—t[{ F J!:—[{ }}.ﬂ i |
0 13 20 s 1 2 1 15
1 : ANODE
CATHODE SC g6 80 A .
2 EM’EHUDE == TOSHIBA 11-1004
NODE i 15 4 0 -0 13 TLPSED-4
3 : EMITTEE walght ¢ 1 1g
4 1+ COLLECTOR 1, 3: ANODE
CATHODE 5 0 H 1z
2, 4 : CATHUDE E¥X—=
ANODE
f, T: EMITTER 6L j e
G, 8 ; COLLECTOR 14
70 010 by
H- R i
B 0 09 = e
1,8 8.7 : ANODE, CATHODE
' JEDEC —
2, 4.6, 8 : CATHODE, ANODE
2, k1, 13, 15 : EMITTER ELAJ -—
10, 12, 14, 16 : COLLECTOR TOSHIBA 11-20A3
T ivicrmd n contaiad harsln b prevonad ook n-_p.du I b aopleaiom o aw prackva N roceaisly hoaarred by TLPE2D -1
B DORPOFATEON B iy rrpesie o Inig Dctusl ity o O TGHES OF LNE VR J0 e mHiF e fELI] WO DL AR
Wty Fira H graneed By (o8 plew o e AT L 1| parsrty o oot T of HRHLS CTARERTRIH & arhe 1325_!-3

Traoes TOME prodiau ars intersdod [nr e ngtlli w ek | vopdisden offon T nEe YL Wi
B il pid il i b Db ol s Frie TOOCRA

r’.l’ﬁ.-‘h’Hl-l.lh'thi‘PlNMM"
3 - P GeEgy WL, -u-i-l.-al- e ey P g T PR T
B Bty e iny, £5, TOMSES § eyt ap il g At
|Duluc mnl.#l ok nr.umm-u'lnlr..-mn- RS 24|z el o e T

et

L]
Lk T Sl SR il
[ md o nadinstion, o sing ha
d Syt dm, Gorvmsiion
ity e, S

TOSHIBA CORPORATION
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SEMICONDUCTOR
TOSHIBA TLP620, TLP620-2, TLP620-4

TECHNICAL DATA

[TLPEE0

¢ UL Recognized = UL1577, File N, EGT349

#  lsalation Voltage = BO00V ppys (Min.)

4 Dption (D4) gype

VDE Approved : DIN VODEQSEL/ 08.87, Cartiflleats Mo, HH384
Maximum Operating Insulation Vaoltage ; G30Vpy
Highest Permissible Uver Voltage + B000Y PR
(Note) When a VDEOGEL approved type is needed,
Please designnie the "Option (1) 7,
#  Creepage Distance : Bodmm (Min.)

¢ Gyl { Min.)
+ 0, derm { Min,)

Clearames
Ingulation Thickness

MAXIMUM RATINGS (Ta=25C)

RATING
CHARACTERISTIC B¥YMBOL UNIT
— TIPA2G-2
TLPRE2(-1
Forward Current Ip M3 &l 50 mi
Forward Current Derating Alpd '._: — 0.7 {Ta= 39°C) —0.6(Ta=125"C) mi /0
a Pulse Forward Corrent Ipp 111005 pulze, 100ppa} A
= |Pawer ﬂi:si[.lﬁbinn[] Cirenit) Pﬂ. Lk 70 mW
Power Disslpation Derating 4P °C —=1.0 =07 mW./'C
 |Junction Temperature T} 125 °
Enli]sc:ur-limltt,er Voltage YVORO 23 v
- Emitter-Collectar Voltage YECOD 7 v
E Colleckor Gurrent I &0 m
E ﬁu%j;muritfowu Diezipation o 150 10 —
B |Collector Pawer Thssipation
Derating (1 Cireuit) (Taz 25°C) | AFC/°C -15 -10 mW °C
i..]Lln[:Liim Temperature Tj 125 iC
Storage Temperature Range Tug —~5b~150 G
Operating Temperature Bange Tapr —G6—100 o
Load Soldering Temperaturs Tiald 26001 0=) T
Total Package Power Dissipation Py 250 154 mwW
el e I s fawre
tsalation Valtags Vg BO00TAC, | min., RE=60%) —
TLPG2D -2
1906 4§

TOBHIBA CORPORATION
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International P - 9:19464
ISR Rect] fier PRELIMINARY IRLZ44N
HEXFET® Power MOSFET
+ Logic-Level Gate Drive
e Advanced Process Technology o
s Dynamic dv/dt Rating Vpss = 55V
« 175°C Operating Temperature
e Fast Switching Rpsion = 0.0220
= Fully Avalanche Rated
’ Ip = 414
Description
Fifth Generstion HEXFETs from International Rectifier
utlize advanced processing fechniqgues to achieve the
Iewesl possible an-resislance pear silicon area. This benefit,
cambined with the fast swilching speed and ruggedized
device design thal HEXFET Power MOSFETs are well
knwn for, provides the designer with an extremely efficient
device for use in a wide variety of applications
Tha TO-220 package iz unlversally preferrad for all
commercialindusirial applications at power dissipation
levelsto approvimatedy S0watlts. Tha lowthermalresistance TC-220AB
and low package cost of the TO-22{0 contribute lo its wide
asccepiance throughout the industry.
Absolute Maximum Ratings
_faramatar Max. Units
In @ To = 26°C Continuous Drain Current, Vo @ 10V FT]
| lp@ Tp= 00 | Comtinuous Drain Current, Yz & 10V 9 A
[ T Pulsed Drain Surrent & 160 e
Po@T- = 28°C Power Dessipation K] W
Linear Derating Factar 0.56 WG
Vg Gale-le-Source Vollage =16 b
Ens Single Pulse Avalanche Ensrgy & 210 m.}
[lar Avakinche Gurrent T 25 b
Enr Rapetitve Avalanche Enengy T 83 mJ
duldl Peak Dioda Recovery dwidt & " Wins
T Oparating Junction and -55 o+ 175
Tama Storage Tamparature Range i i
Soldering Temperature, for 10 seconds 300 {1 6mm from case) |
Mounting lorue, §-32 o M3 soew A0 lkfin (1.1 1=mm) 1
Thermal Resistance
[ _ Parameter Min Typ- Max. Linits
FRaye: | Junction-to-Case = 18
Recs Case-lo-Sink, Flal, Gressed Surface —_— 050 — i)
u..H"“"‘ Junictior-to-Ambiant —_— 62
116/96
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IRLZ44N

Infernational

Electrical Characteristics @ T, = 25°C (unless otherwise specified)

Parametar Min. | Typ. | Max. | Units Conditions. |
Viminss | Drain-to-Source Braakdown Voliage 85 | — | — | W | Vgg =0V, Ip = 250pA B
aMprozzial| Breakdown Viollage Temp. Cosficent | — |70 — | VC | Relerence 1o 25°C, Ip = 1mA |
— | — |ooz2 Vos = 10V, Ip = 28A &
Rpsioe Static Drain-io-Sourca Or-Resistanca — | — [0025| 1} | Vog =50V ln=28A &
— [ — o3 Vs =40V, In= 21A &
Vg Gate Threshold VYoliags 0 | —| 20 W Wng = Vaz. Ip = 250pA
O Forward Transeonductancs 21 | — — 5 | Vpg =25V, Ip= 254
— | —| 25 e Wis =
Ipss Drair-to-Souree Leakags Curen — T —T=m [TLY E:z = ii: ".l':: = g: T80
Gale-l-2ource Forward Leakage — | —| 100 o = 16Y
lese nA =
Gate-lo-Source Reverse Leakage —_— | —| 10 Vg =-16V
a Total Gale Charge — | — & o = 254
e Gate-o-Source Charge — | — | 88 | nC | Vns =d4v
Qga Gate-to-Drain {"Miller*) Charga — [ — &7 Wgs = 5.0V, Ses Fig. 6and 13 @
Ljan) Tum-0n Detay Time —_— ]| — Voo = 2BV =;
& Rizga Time — | | — ng | 0= 254
Larom Turn-CHF Deday Time — | 2| — Rg = 346k Was = 5.0V
] Fall Tirma 15 Ro =_1 141, See Fig. 10 &
Ly Internel Drain Induclance — A | — I Sy IE_&d' E'.f
I aH Grmrn (0. 26in,) = |
; from package 1 ;
ks W) e Inductenen e and center of die contac 7
Cas Ingut Capacitance — [1700] — Vs =0V o
Cize Output Capacitance — | 400 | — | pF | Vg =25Y
Cia Feverse Transfer Capactance — [ 150 — f=1.0MHz, SeaFig. 5
Source-Drain Ratings and Characteristics
Parameter Min.| Typ.| Max. | Units Conditions i
[ Conbswnmes Source Curred ) S T MOSFET symbol S o
{Biody Dicde} 4 | Showing the (| L l.
Iz Pulged Sgurce Cumment — | — | 180 | mtegral reverse ! | L'j
{Body Diode) © e unEtion deode. =l
Vso Diache Farward Voltage — | —| 15 WO Tu=25C, s =258, Vas =0V @
tr Rawersa Recovery Time — | 8 | 120 ms | T;=25°C, I = 254
[ Reverse RecoveryCharge — | 210 320 | nC | difdt = 10080us & |
Loy Forward Tum-Cn Time Intringic tum-on time is na-gdit_.‘,'tﬂa {turm=omn 5 disminated by Le+Lg) I
Specification changes
Rev. # Pammahrsi Qld spec. | New spec. Commaents Revision Date
1 Wog (Max) | 20 16 Decrease Yoz | Max). Specification ETRT
MNotas:

@ Repetitive rating; pulse widih limited by
max. junction lemperature, | See fig. 11 )

F Vo = 25Y, starting T, = 25°C, L = 4T0pH
R = 2861, |y = Z5A, (See Figure 12)

3 lop, £ 254, diidt £ 270A1us,

Voo = Viaress

Ty= 175G
= Pulse width = 300us; duly cycle < 2%,
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S

SGS-THOMSON

STPS1035D/F

MIGCRCELECTRONICS STPS1045D/F
POWER SCHOTTKY RECTIFIER

= VERY SMALL CONDUCTION LOSSES

s MNEGLIGIBLE SWITCHING LOSSES

= EXTREMELY FAST SWITCHING

= LOW FORWARD VOLTAGE DROP

s HIGH AVALANCHE CAPABILITY

« LOW THERMAL RESISTANCE

s INSULATED PACKAGE ;
Insulating voltage = 2000V DC
Capactance = 12pF

TO220AC ISOWATT220AC
D_E SER ?T 10N . . ) {Plastic) {Plastic)
Single chip schattky rectifier suited for switchmode
Fm-.rar supply and high frequency DCto DC conver- STPS10350 STPS1035F
Rrs: STPS 10450 STPS1045F
Packaged in TOZ20AC and [SOWATT220A0, this
device is intended for use in low voltage, high fre-
quency inverters, free wheeling and polarity protec-
fion appications,
ABSOLUTE RATINGS (limiting values)
Symbal Parameter Value Unit
Irrezy | FMS Forward Current 30 A
IFpann | Averaga Forward Curremnt TOZZ0AC Te= 135G 10 e
&=05
ISOWATTZ20AC | Te=120°C
IFan Surgs Mon Repetitve Forwarnd Curment fp=10ms | 180 A
- Sinusoidal
IFFes Prak Repeblive Reverse Current Tp=2us 1 A
F = 1KHz
Tsig Storage and Junction Tempesiure Range - 65 to+ 150 =
i -B5 to =+ 150
dWidi Critical Rate of Rise of Revese Vollage 1000 Wins
Symbol Parameataer | ____5TPS ) Unit
[ 10350 10450
) ) | 103sF 1045F
Vaaw | Rapettive Peak Reverse Vollage [ ag 45 W
March 1982 118
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STPS1035D/F | STP51045D/F

THERMAL RESISTANMCE

| Symbol - Parameter Value _ Unit
Rrd fpey | Junclion-case TO220AC 2.2 “CAN
| ISOWATT220AC 4.5

ELECTRICAL CHARACTERISTICS
STATIC CHARACTERIZTICES

Symhbaol Tasts Conditions Min.  Typ. | Max. | Unit |
In* Tj=26°C Vi = VR 100 A
Tj = 125°C 15 mA
W Tj=128C Ir="20A 072 W
Tj=125'C IF =10 A 0.57
Ti=23C IF =204 084
Pulse test : * 1p = 5 ms. duly cycle < 2 %

* ip = 360 ps, duly cyole < 2%

Toevaluge ihe condudion loszes use the fallowing aquaton -
P = 0.42% o + 0015 I R

Fig.1 : Average forward power dissipalion versus average

fesrward cument
PFlaviw)
10 5
s |
B Ll F=01 fe02 feD& =1
T il |
T 4
&l ) L !
5_5'411}5(’ ."’ / .-"//I _/1/ i
. Al A
o AAA LA vt el
F‘f.-"'"f'f“f i i
2 ):";;.'r T L]
1 IF(aviiAl T
n i

01 2 39 46 6 7T 8 9101121311

216 &7 BESTHOMRON
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44.52

€ @ M

€ @ » cA

FAIRIATEIRE PC.B. RELAY

TYPE 44.52 7 CO [OFDT] 6 A - 5 mm pirming

-tin plated pins for PC.8

standard cormact misterial Mg Mi
ordarirg ifformanen: sea page 20

MINMIATURE P.C.B. RELAY

TYPE 44.62 2 CO [DPDT) 10 A - 5 mm pémning
- hini plated pins for P.C.R

- standard contact metedal; &g MNi
ootion: se coding table page 20
- ordering information: ses page 20

L4, B,
I | ¥
1ﬁl
| |
T 1 e
dor o e f]] 0a

A
| P om| %
A e sesi—ot
K
EEN 21 LS
il
121 oEE oM
1] |2
11]- =21
12— =122
) O L

Ml g B
| | 1
)
I S
et o ] |Loa

]

14

&

1
e

TR, 0000
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_TECHNICAL DATA

DIELECTRA: STREMIGTH betwaen coil and conlacks Q000

between open corkscs 10000

lested ol akage curent

< $0 mA for 1 min at 50 Hr Dretweeen adjacen conlacts 2000 W

begvea e frame angd ve parts relday wathoul extermal gpound

: SURGE TEST (12750 ps) vorage bepsean cod and coitss BO0O Y )
IMSLILATION RESISTAMCE = 20 107 MO
IMSLLATION GROUE ¢ 250
IMSULATICHN DASTAMCES = B mm batwesn ool and comacts according o YOE 0700
MECHAMICAL LIFE 20107 eyeles
KAANIMLRY SVUTTCHIMG FRECUEMNCY
wilhoal Ioad IGO0 cyclas/h
- Bl rated load SO0 cychesh
: AMBIEMT TERMPERATLRE =40 + B5°
PROTECTION CATEGORY OF ENCLOSLUIRES IP 40
CERATE AMND RELEASE TIME:
prck-um e e O e L) = 15 me (Incliding eoitact bairca)
- e o time [froem Un o 0] = 20 ms l:ll'u.lul.:ﬂ"'ll,i coitact bowice)p
T L ey ;,_-..-tmum,; A Y S
PICHLIP CLASS G [acereding b [EC 3R5)
| DIELECTRIC TEST &
i TIP[[‘_J_F RF-.I;.'-‘ . . all - or - noihing

@ tinder
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Philips Semiconductors Military Mizrocontroller Produsts

Single-chip 8-bit EPROM microcontroller with 10-bit

Product specification

A 87C552
A/D, capture compare timer, high-speed outputs, PWM
CFEATURES PIN CONFIGLIRATION
® ANCS5T central procasscey wit
® 3k & EPROM expasifable axtemally o 84k bylee
® An audibenal 18-k Smersounter coupled 1o four capiurs regisiers
and thiee compar: l@giﬁlur.s
& Two atendand 16-Enf brogecoundars
® 256 = & RAM, experdable extemally 1o G4k byles
& Capablo of produang eighl synchronzed, tmed cutputs
* 4 10-0it ADC waih eight mulsdexed analog inguts
& Two B-ll resohetion, putse wettn modulason outouts U e o E o
® Fiys fi-bil (400 ports plus ona B-bit nput pon shared win analag & e
Iriouts 3 GTADG I Wes
4 PRI [e]
® [2C-bus senal WO port walh byle onented master and slave 5 E}I.IHI E F‘{y,-,;.e
[ ¥ 0 P ovacE
funeions T P4GCMERD e P3amig
=L | 1 B P4 UCMAE: 2 PR
® Full-duplas UART compalible wilh the stondard 80051 etk e kol
3 10 P4ECWER M pPISMNg
* On-chip walchriog imer LA = T Y 4 P2EWIS
# Exonded lemgaralure mnges P ek it e :g;’:,"”'
i i 1P BTHT [
* OTP pathage available W ORST :: ?A:'.rpp
L] B DACTH ] =0 any
O Tt AR
DESCRIPTION n " z."qlc_'.ra: i g:i;
The BTC552 Single-Chip 8-B4 MeerosoriroBer 1s manrectunad Inan 1 P 33 Foaabd
Bdvancad CMOS pracass and 15 4 genvativa of tha BOG5T e S AL ol
mecroeoningder Gy, The BTCH52 has the same natuction sil 45 3 OPIEECL B5 PG 1AL
hr B35, The ATCSEE 15 an EPAOM versen of e 830562, b L Hillge il
The BYCEE2 conlaing an 8k = 8 EPACM program mamary, a volabde 85 P T 55 Mgt
256 % B reackwita datA memeory, fivs §-bit 140 ports. one 8-bi input ol L . e
o, o 18-t trnarevent counters Gdenilcal i the brmars of s T PIATO s encT
A0CET), an addianal 16-bet brner coupled e caplure ord compane o g:’f‘m ; :EE:EEF
lalches, B 15-800 108, TWO-prianty-evel, nested inbemip! Struchine, &7 pr il i
Hangut A0G, a dual DAG puse width modulatad irmetacs, two seral = W 8PS RADCE
interfaces (LART ard FC-bus], & “wabchdog”™ hmer and on-chip _.Il: ﬁm; :; : mﬁ
ascdlatar and trming cecuns. For systems that reguire éxira i
capability, the BYCE52 can be expandsd usaig standard TTL
compatible mamanes and kgic
I adgion, e 370552 has two scfivar selaciable modes of power
FRCILIE RGN = |dik Mode and pews-0own mada The idla moda
Iremzes b CPU while allowng the FRAM, tmars, senal ports, and
sl system b confirue funchonirg The power-dosn mode
Saves tha RAM contmnts but ireezes the pssillator, causing all other
chip funchons o be moperatne
ORDERING INFORMATION
DESCRIPTION ORDER CODE FRAEQUENCY | PKG DEBIGHATOR®
Cammic Cuad Flgt Pack wih ~ T p
J Bend Leads A7CSa2EMA 98- 120MH: GR0C-J68
* BAIL-GTE 1835 or Apperdix & of 1995 Military Diata Handbopy
Aprd 33, 1932 127 B53-1567 OGER5

711082k 00DB493kL 076 HE

e —
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Phiips Semiconductons Military Microconirolier Products. Prosducd speciication

Single-chip 8-bit EPROM microcontroller with 10-bit A/D, 870552
capture compare timer, high-speed outputs, PWM

BELOCK DIAGRAM
o T WNTE T PHE PWEH ayge aypgy ADCOT 304 SCL
£ |liL| =] m 'Tu *In [ ,.m";m EI]II i
: l . 11 41 4 1
el
o] | i
5 T E AR VENT
B COUNTERS
—N
SME £ HOCH 1 SORE
3 ~ S,
mnln /llﬂ\ TT ;
] ] | ’ .
El : S N ;
Ty ;
= ! ThEA S Nt ;
_r"fL““ BXT LS FORT :
T I
: | &S ] | 5
E§+4, ' .1'3
L] (4] F2 Pl Tk RxD
mumummnurmn munmwnmrmurma ITJI.LTEMTEHI‘MI‘HMH.‘IITJ
{7 ALTERMATE FURCTION OF PORIT S [ | ALTERNATE FUNCTION OF PORT 2 [(5] ALTERKATE FURCTION SF RORT 3

PIN DESCRIPTION

MHEMOMIC | PIN NO. | TYPE NAME AND FUNGTION
Von H | Digital Power Supply: +5% power supply pin during normal operation, (die and power-down mode.
STADC a | Sleri ADC Operation: Ingul abarkng analog o digial convergion (ADC aperation can #lso ba staded by
softwara),
=it 4 o Pulae Width Madulation: Culpul 0.
PR & a Pulse Width Modulation: Oulpul 1.
EW b 1 Enable Watchdog Timer: Enable for T3 walchdog tmer and disable powsr-down rmcda.

PO.Q-PG.T 57-a0 14 | Port: Port D s s 8-bit open-drain bidrschonal 0 poar. Port 0 pins that have 15 wiitten b tham Scatand
can bo used as high-mpedancs inputs. Porl C is also the multiplaxad low-ordar addiess and dala ks
during acoosses o axdemal program and deta mamong. bn this apghcation it uses strong intemal pull-upa
when emmiting 1=. Port 0 I8 also used 1o input the code byte dunng programming ard bo output te cods

bylo during verflication.
P10, T 18:23 I | Port 1: 8-bit VO port. Allemats functions inclute:
161 1 | (P1O0-PAS): Cusasi-id irectional port pns.
2223 e | {P1.6. P1.7): Opan drain port pirs.
16-18 I CTOIHCT3 (P1.8-P1.3) Capture timer input signals for imer T2,
20 I T2 (P1.4): T2 evantinput
21 I RT2 (P1.B): T2 Smer resel signal, Rising edge iggaens),
22 U0 | SCL (PG Sedal pan elock Bra FO-bus.
23 U0 | S0A (P17} Seral poil data ina 2C-bus. Port 1 is also wsed 1o input 1hi lowar order addrass bt danng

EPRGM programming and vedfication. AD is on P10, eic,

Aprd 30, 1062 “ mm 711082bL 0084937 TOY EM
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sSsHARP GP2D12IGP2D15

G P2 D1 ZIG P2 D1 5 General Purpose Type Distance

Measuring Sensors

M Features B Outline Dimensions {Unit s mm)
1, Less inNuence on the oolor of reflactive objects, reffectivity i =¥ —,-’__I
2. Lime-up ef distance outpul/distance peigement 1ype
Distance outpot type {analog volipe) - GP2D12 — Ia?—l Light delsclar side
Detecting distance ; 10 w Blem E—T - 1 Lenscase

f]u;l;l'.lq'{*]udgmr.nf lype GPF2D15
Indgement dhistance : 24om

{Adjustable wathin the mnge of [0 to Bdcm)

External control circuil 15 unnecessary

4, Lo cost

W Applications

1. TWVs
2. Persomal computers
3. Cars

4. Uoplers

4 The dimarsans markad = are T n
B Absolute Maximum Ratiﬂgs destibed the dimensions of F

(T3=25°C, Ver=9V) lers centar positicn
. 4 Unspardfied okmocs - H).3mm
Parameler Symbol Rasing | Unit —
Supply voltnge Wi —p3to+7 | W
Chutpst terminal velisge Vir 0.3 o Ve +13 W
Upeinting tennperature Ten =10 to 60 s
H‘.Ll.‘:‘lge Lemperature T..= —1 e T L

Molce i the afserce of conlimalion by device soecibcalion sheets, SMHARP takes na respensbilly kr any delects Tat may occur 0 aguipment 1sig iy SHARE
vewicey shownin catlogs, dubs books, sl Conlac SHARP in crde Ie Ghlain e lniesl deaos speciicalion sheets beiore usng amy SHARF oo
iiernel  Inlernal address for Eleckonic Campanenls Group hp:isws sharp, oo, e
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sHARP

B Recommended Operating Conditions

Lot
W

Evymbal
Vi

Pnrameter Rating

| 4.5 io+3.5

Operating supply voltage

W Electro-optical Characteristics

GP2D12/GP2D15

[Ta=25"C, W=5V})

Prrameler Symbol Condifions hAIN, TYF MAK Unit
[hstance measuring range AL B mwo == Hix i
| GP2D12 Vi | L"H‘-Elcn ) 125 04 .55 ¥
Coutprut vermieal voltge GRIONE Won | Output voltags an Hlj_.l'l . oo —(h3 - ".’.
| | "E.I._ U*J.‘l:?ul '..|.I||..1Lj. .ll LLI'-\ e = i Y
Differenee ef cutpo volge. | GP2DM2 | AVe o..lpm change ot L=80een to 10am 1.74 20 2,258 ]
Dupscnigis o | GP2D15 | Mo [T 21 L) 27 em
Average Digaapation cuvent %3 L=R0cm g 32 =11 ma
Bdovey L Dremance o roflocie T ook
Fig.1 Internal Block Diagram Fig.2 Internal Block Diagram
GP012 GRS
GEND Wog Y GHD Vor Y
— ] B LT

(e S [ erre——— ’

:F'J : ?rﬂ'::!'smg o | | b s | zlgzlamg vorage ||

T i > I 1 1 o 1 .

= _ L] cirpud il I 1L L :T'.—- gircaiit reger a1 Fikn
Gsciation | | | [Ty, osoilovon | | [ 1,
creuil i Analog oulput ! = cinoLit | Digial oulpt
o LED driva | v <5} LED drive | Dt
- airouit . | et circuit
LED = LED ==
Do1u.l‘|l:ﬂ l'fIlEllu.aJl'ler lC Distance measunng I

Fig.3 Timing Chart

Vo
[Power supply)

|

_38ImadhBms

i nr i
T 11T i

£

Digtance —
measuring I First ruaesrment I. e I
operatan -
. b
Wi (Cuaatput) [ Elngtabda oupul x Fir&l aupat :H: Seeond oyt :I: .I nih culpul

| 5.0ms"*iGp2012)
r.amaz1.ams P GRID15)
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HOA2001

Transmissive Optoschmitt Sensor

FEATURES

+  [Dhrect TTL interface

Bulter lngls

0,080 in{1.52 mm) dia. delector apanure
0.120 in.{3.05 mm) slol width

L0580 10, 1.27) allset pin Cirele detector laads

DESCRIPTION

Thie HOG2I01 consislisa af an nlrarad amilting diode
facing £n Optosehmitt deriector encased in a black
thermepiastic housing. The pholedatector consksls of &
pholodiode, amplifier, veltage regulator, Schmitt trigger
and an NPN oulplt ransistor with 10 KLk (naminal)
pull-up resistor, The buller lagie provides s high outpiet
when the optical path is clear, and & kow autput winen the
fath is intarruptod, The HOA2001 amploye plactio
molded components. For additional componenl
infermation see SEPES0S and SDPEEN.

Heusing matgfal is polyester. Housnps are sclubla in
enlornated hydrocarbons and ketones. Fecommendac
cleaning agents are mathandl and eaprepanal.

T T

IS D

OUTLINE DIMENSIONS in [nches (rim)

Tolerancs

SIBEH*J'I-EII
OPTIGHL E

T e

: m"us L —

3 pla decima
2 ple decimal

!-ﬁcL I:+

.:.I].iﬁ‘.tl.:.

AT A3 BN ]

Honeywell-

ls  +0.010(0.95)
5 H1.020(0.51)
— NZEY 19 DA,
P
i 250(6.36)
. ;

o | 25 1)
m],,g*g,,
ribify |
L
st
b
B 15|
AT

Honeywell 1as0rres 1ha nght o maks
ChANDoE N ool ko oaeprove gosign and
wzmly o bost podurs poasitle
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HOA2001

Transmissive Optoschmitt Sensar

ll_ELEETFtICAL CHARACTERISTICS (25"C unless othernwisa noted)

b PARAMETER = SYMBOL | MIN__ TYP  MAX | UNITS TEST CONDITIONS
IREMITTER
Farward Vollage | v 18 Y l=20 maA
Aeverse Leakage Cument b 10 i) Ve=3 V :
DETECTOR EERES o i
Operating Supply Voltaga Vo 4.5 iz W
Low Lavel Supply Gurrent ooy 4.0 iz & Vee=S Y
. 5.0 15 Veo=12 ¥
High Level Supply Cumant | loen 20 10 ma VegsE W
&n (- | Voo=12 ¥
| Law Lavel Dutput Yollags | Ve 0.4 W lon=12.8 mA, lp=0'ma,
High Leval Qutput Voltags Vau 2.4 W oy=0, I=10 mA
Propagation Belay, Low-High LY 5 1E:3 Veo=8 WV, le=10 b
Prapagation Delzy, High-Low i B Ls Y Wb V=10 mb
Hise Time fe [=2H ns | Ry =300 11, =50 pF
| Fall Time Iy oo ns Ri.=390 {, C.=50 pF
COUPLED CHARACTERISTICS
IRED Trigger Cumant I mA Voo=5 Y
| HOA2001-001 - 10
MNabes

1. s racamsmended that a Bypass capasiton, 0.1 JF trpical, ba edded betweean Yae and GHD near ihe device in arder to stabiize
pewur suppby line

ABSOLUTE MAXIMUM RATINGS SCHEMATIC
{2570 Frea-Air Temperaiure unloss othersize notad) : :
Operating Temperatura Range ~40°C to T0PC
Storans Temperalure Range A0°C 1o B55C b b
Scldaring Tamparature (5 sac) 240°0 — ju-
IR EMITTER Vollage i
Fowar Cissipation 100 miw'™ Anode reguiator
Reversa VYollags av
Coninuenus Forward Current 50 mA 0o
DETECTOR :
Supply Voltaga 12 v
Output Sink Current 18 mA —D)D';
Durztion of Oulput
Short b Voo or Ground 1.0 s8c
MNoles 5 £
1. Darats lineady st 078 mNFS 2550 Cathade ek OND

2. Darate ineardy frony 2570 1o 5.6 V al 705G

Heneywall rasscves the dghl bo make

srnpesesi  Honeywell
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3DM
'552
/E

AC
ADE
BCD
Bit
BSW
Byte
CCA
CCD
CPR
Cw
DAQ
DC
DGPS
DPDT
ECP
Emf
GND
GPS
Gullet/ed
12C
ID

/0

IR
LED

GLOSSARY

Microstrain 3DM solid-state 3-axis pitch, roll, and yaw sensor
Philips S87C552-4A68 Microprocessor
Diameter

Alternating Current

Address latch enable

Binary Coded Decimd

Binary vdue—0or 1

British Standard Whitworth thread
8-hits

Cold Cranking Amps

Charge Coupled Device

Counts Per Revolution

Code Whedl

Data Acquisition

Direct Current

Differentid Globa Pogtioning Sysem
Double Pole Double Throw
Extended Capabilities Port
Electro-magnetic fidd

Ground

Globa Postioning System

Recessed groove

Philips serid communication protocol
Inner Diameter

[ nput/Output

Infrared

Light Emitting Diode
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LSB
M
M12
MOSFET
M SB
oD
PID
PWM
RAM
RC
RF
ROM
ROV
RTC
SDO
SE
SRAM
SPST
™
TMSP
TTFF
UART
UHF
UNC
UNF
USB
VAC
vDC
VI
VX2
YPS

Least Sgnificant Bit

Metric bolt diameter i.e. M10x1.5x20
MotorolaM12 Oncore globa positioning unit
Metal- Oxide-Slicon Feld- Effect Trangstor
Mog Significant Bit

Outer Diameter

Proportiond, Integrd, Differentia
Pulse Width Modulation

Random Access Memory

Reserve Capacity

Radio Frequency

Read Only Memory

Remotely Operated Vehicle

Red Time Clock

Serid Data Output

Shaft Encoder

Static Random Access Memory
Single Pole Single Throw

Track Modules

Track Module Side Plates

Timeto Frgt Fix

Universad Asynchronous Recelver/Tranamitter
Ultra- High Frequency

United National Coarse

United Nationd Fine thread

Universal Serid Bus

Volts of Alternating Current

Volts of Direct Current

Virtud Ingruments

Vector VX2 dectronic compass
Yaw and Pitch Sensor
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