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ABSTRACT

A free-ranging automated guided vehicle incorporating
navigation and radio communication for use in a fully
automated flexible manufacturing system has been developed.
A vehicle, operating as a complete subsystem, was built and
tested in an integrated control environment and proved to

have promising results.

Various radio communication techniques are examined and the
design and testing of a 1low cost, wireless, two way
communication link is detailed. A novel, flexible infrared
navigation technique was developed and incorporated into the
AGV subsystem. Path planning and a flexible real time path
modification system was formulated using an innovative
program with an interpolative visual display unit and
digitiser. Data transfer to and from the vehicles in a real
time integrated system is covered. System integration for
an free-ranging automatic gquided vehicle 1is discussed

covering aspects of communication, mapping and navigation.

Specific needs for a free-ranging automatic guided vehicle,
are presented. The unique design features of navigation and
mapping outlined in this thesis has resulted in a low cost,

free-ranging, autonomous automatic guided vehicle.
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CHAPTER ONE
INTRODUCTION

1.1 Historical Background to AGV Systems

The technology that spearheaded the birth of AGVs can be
traced back to the original conceptualisation of robotics.
It 1is therefore considered appropriate to present a
historical synopsis of robotics before examining the
evolution of AGV systems. The word robot was cocined in the
1920’s by playwright Karel Capek from the Czechoslovakian
word ‘robota’, appropriately meaning work. The science
fiction writer Isaac Asimov invented the word ‘robotics’
referring to the science of robots. Asimov wrote a series
of novels in which he imagined a world of mechanical beings
who were humanity’s devoted helpmates. His concept seems
accurate when one considers the variety of tasks robots
perform. These range from shearing sheep in Australia,
moulding rice cakes for sushi in Japan, transporting
commuters via robotic trains in European cities, executing
surgical procedures in hospitals, to navigational ‘smart
weapons’. Robots are suited to many environments, often ones
unsafe for human beings, whether it be out in space such as
the space probe Voyager I, at the bottom of an ocean or in
a nuclear fall out zone. Robotic machines function without
benefit of oxygen and can withstand extreme temperatures and
pressures. They are also capable of working lengthy periods
of time without supervision. Lacking the human quality of
emotion enables robots to perform those tasks considered too

tedious, precise or dangerous for people.

Scientists and engineers have fervently debated the
definition of ‘robot’, failing to reach a consensus. The
Robotic Industries Association (RIA) was founded in 1974 as
the Robot Institute of America. It consisted mostly of
manufacturers and users of industrial robots. Members of the

RIA argued at 1length before 1issuing a rather wordy
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concessionary definition in 1979 (Gibbons, 1987). The
definition submitted defined the word robot as ’a
reprogrammable multi-functional manipulator, designed to move
materials, parts, tools, or specialized devices through
variable programmed motions for the performance of a variety
of tasks’ (Gibbons, 1987). This was later modified to
include machines equipped with vision and other sensory
systems (Gibbons, 1987). However, the development of
intelligent autonomous vehicles such as the ’‘Voyager 2 space
probe’, and machines with skills other than manipulation,

implies that this definition is not broad enough.

As late as the 1940’s, AGV’s per se, had not materialised.
In the broader sense, terms such as ’‘mechanical men’ and
’thinking machines’ began to appear. Machines evolved from
performing purely physical functions to ones where they began
to replace human intellect. A crude servomechanism was
envisaged by David B. Parkinson of Bell Telephone
Laboratories and later implemented by Western Electric
Company in the M-9 anti-aircraft gun (Gibbons, 1987). The
unique aspect of this control instrument lay in the fact that
it was one of the first to not only replace a human operator,
but, furthermore could perform the task more rapidly and far

more precisely.

The first pioneer AGV systems were developed in the 1950’s
by Barrett Electronics Corp (Grand Rapids, MI) (Hammond,
1986) . They were termed ’‘driverless systems’. Three
companies, namely, Barrett, Jervis B. Webb, and Clark,
competed over the years with the rudimentary AGV systems
known as ‘tuggers’. These were simple driverless vehicles
that followed fixed quidepaths and used to drag or tug
‘trains’ of goods. However, they received poor acceptance
in the USA, especially from the industrial work-force. The
unions saw them as a direct threat, often resorting to
sabotage of AGV systems. In addition, the vendors tended to

offer only standard product lines, and were reluctant to
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customise vehicles or controllers to meet customer’s specific

needs (Hammond, 1986).

Even though AGV systems originated in the United States this
technology caught on much faster in Europe. In this same
decade (50’s) the United Kingdom followed suit with their
version of an AGV system. It was called a Robotug. These
guided vehicles were then known as Automatic Line Followers
(Corran, 1986). Progress in the development of AGV systems
in Europe was due largely to the fact that European workers
were not as intimidated as their American counterparts.
European companies had a certain degree of job protection,
while stricter regulations with regard to safety and the
work-place environment, often necessitated automation,

regardless of the cost.

The inherent nature of AGV’s made them totally dependent on
the state of the art electronics of the time for their
development. Originally AGV systems were designed for simple
material handling in warehousing environments. These were
based on elementary techniques of wire guidance similar to
those presently in use. They were stand alone vehicles of
the tugger or ’‘driverless tractor’ type, and were used to
pull a series of trailers. These vehicles executed simple,
rudimentary tasks, usually saving on operating costs. They
were also utilised in environments incompatible to humans.
These were cumbersome and complicated 1in structure,
implementing relay logic in their control circuitry. There
was no central computer or onboard micro controller to
facilitate in guidance and communication. All communication
was confined to zone or cell controllers (Corran, 1986). The
primary function of the cell or zone controller was to
prevent collisions by providing a basic safety function.
Other functions instituted were the rudimentary control of
routing, in the form of track switching and the control of
stops. This halting function enabled the AGV system to

facilitate communication with the zone controller usually
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implementing some form of tactile interface (Corran, 1986).
The control system was based on vacuum tube technology and

was both bulky and relatively inflexible.

Two main guidance technoloqies evolved, and these are still
the most widely used today: inductive wire guidance, and
optical guidance. Considering that these vehicles were to
function in an already human environment, as stand alone
units, collision avoidance and safety precautions were
prioritised alongside guidance technology. Zone theory
became the most favoured technique of vehicle management.
This concept divided an AGV mapping area into separate zones
or blocks. Each block allowed for only a single vehicle to
occupy it at any one time. Various technologies were
implemented to control and communicate with vehicles allowing
them to enter or 1leave zones. Light, sound or
electromagnetic signals were used for communication. Relay
logic circuitry and its complicated interconnection between
zones was usually not cost effective and only implemented in
unusual circumstances or in custom designed plants. Although
in later years the concepts of wire and 1light guidance
technology persisted, relay logic, bulky inefficient motion
control and the rudimentary communication systems, were to

be replaced (Corran, 1986).

In the late 1950's, transistor technology replaced the vacuum
tubes, making the controller systems 1less bulky, more
reliable and at the same time increasing their capabilities.
However, in most cases even transistor technology was still
too expensive for complex manufacturing material handling

problems experienced in industry.

A significant advancement of the 1960's was the development
of simpler electronic logic. This reduced the complexity of
circuitry and hence installation and maintenance costs.
Primitive solid state electronic devices became available

consisting of diode-transistor logic and this replaced much
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of the earlier relay logic of the 1950's.

It was not until the early 1970's that significant
advancement in electronics technology occurred. Integrated
circuitry using discrete transistors interconnected on a
silicone substrate became commercially available at a low
cost. These advancements allowed for far simpler logic and
motion control, while achieving better efficiency and lower
cost. Ironically, it was these early developments that now
enable the manufacturing of comparatively low cost integrated
circuits through the use of AGVs and robotics in their

production.

As already stated the sophistication of AGV vehicles and
systems has been directly related to advances made in the
electronic industry. Initially, progress occurred mainly in
the fields of solid state technology, computer technology,
integrated circuit technology, optoelectronics and
telecommunications resulting ultimately in the
microprocessor. The advances in micro-processor technology
and its associated high and low level programming languages
has had the greatest impact on the development of AGVs
(Corran, 1986).

Another breakthrough in solid state electronics was the
introduction of thyristors and triacs. These devices were
used for a.c. power control. Later, Troge Choppers and
similar technology developed. These technologies implemented
triacs and thyristors and this resulted in high efficiency
d.c. power control. This technology, although popular in the
late 1970's, required complex design and complicated control
circuitry to ensure reliable d.c. power management. One of
the latest developments in electronics to influence AGV power
management has been the progress made in power Metal Oxide
Semiconductor Field Effect Transistor (Mosfet) technology.
This has revolutionized d.c. power control rendering it

simple, low cost and efficient (Freeman, 1979).
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These advancements in electronics allowed for the first
introduction of versatility in automation and control. This
was achieved through the development of a program logic
controller (P.L.C.). These were the first programmable
control devices commercially available. Flexibility opened
up new perceptions for AGVs. The concepts of free-ranging
AGVs with regard to flexible manufacturing systems arose.
These vehicles were considered to be ones which could follow
imaginary guidepaths implementing some form of positional
guidance. The perception of autonomous vehicles later
followed. These included vehicles that determined their
specific paths by considering a predetermined instruction set
as well as factors in their immediate surroundings. This
conceptualization was boosted even further Dby the
introduction of compact, low cost micro-computers. This
vision still required much progress in the field of
communication, navigation and efficient, low cost power

management.

A further breakthrough occurred when microcontrollers were
utilized on-board AGVs, thus producing ’‘smart’ vehicles.
These microcontrollers allowed vehicles to determine their
own routes to designated destinations. Furthermore it
facilitated a higher level of communication, and permitted
the control of functions such as palette 1loading and
unloading. Likewise, the system controller became much more
complex, to the point that it was able to interface with
systems such as conveyors, robots, Computer Numerical Control
(CNC) machines and a multitude of other automation devices
(Koren, 1983), (Madwed, 1984). Remote location devices could
request material delivery. Vehicles could then be dispatched
via the system controller which would supply it with the
information necessary to manage its load and route. Material
could be tracked throughout the facility, giving a much
improved method of inventory control (Koff & Boldrin, 1985).
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In the 1980’s, industry in the United States re-evaluated its
position on automation, and began to devote more research to
advanced automation programs. This was further enhanced as
vehicle and system developments made in Europe were
transferred to the United States through a series of licenses
and ventures by European companies. Foreign competition
intensified and the recession of the late 1970’s and early
1980’s was particularly damaging to the American automobile
industry. These events forced American industries to look
for more efficient manufacturing and assembly techniques.
In view of these changes the unions became more receptive

to the concept of automation.

Additional development was seen when computer interconnect
standards were defined. One of the most popular being the
Electronic Industry Association (E.I.A.) RS-232 standard for
serial interconnection. This standard defined certain
requirements in terms of protocol and hardware between
computers. Although this interconnection became very
popular, shortfalls such as speed of data transmission,
length of transmission cable and number of wires per
connection existed. For these reasons other standards have
been introduced such as RS-422 and RS-485. Because of the
effect of these communications interconnect-standards, free-
ranging AGVs became more flexible. Low cost micro-computers
became available and a standard for continuous duplex
communication was defined. Radio frequency (RF) wireless
communication became the obvious next step. Many techniques
were suggested for implementing this wireless data transfer,
the most favoured being Frequency Shift Keying (FSK). In the
mid 1980’s discrete integrated circuitry could be purchased
to implement this data transfer technique. This promoted the
possibility of flexible 1low —cost free-ranging AGV
implementation further. The diversity of components making
up a Flexible Manufacturing System (FMS) led to a need for
the establishment of a common communications protocol for

manufacturing. A standard Manufacturing Automation Protocol
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(M.A.P.) was defined and this allowed for a diverse array of
intelligent devices within a manufacturing environment to

communicate with one another (Main, 1989).

So far no single standard navigation technique for free-
ranging AGVs within a manufacturing environment is preferred
(Boegli, 1985). It is felt that a specific form of
navigation will probably develop that is most favoured for
FMS integration. The advancement, by the late 1980’s and
early 1990’s, in ultrasonic and infrared transducer
technology has probably established the basis for FMS
navigation of the future. Alongside these developments and
the implementation of the standards set out for continuous
duplex communication and efficient power management, true
autonomy in a fully integrated manufacturing environment is

envisaged.

Having reviewed the historical development of AGVs in terms
of technological advancements within the Electronic
Engineering field, it is now possible to arrive at a working

definition of an AGV system.

An AGV system is: ‘an advanced material-handling or conveying
system that involves a driverless vehicle which follows a
guidepath and is controlled by a computer or microprocessor’
(Hammond, 1986). An AGV 1is: ‘a vehicle equipped with
guidance equipment, such as electro-magnetic, optical or
imaginary route definition’ (Hammond, 1986). The guidance
equipment utilises these guide paths to manoeuvre the vehicle
to its desired destination. Some form of priority definition
usually enables these vehicles to select a predefined route.
Utilising an off-board controller, the vehicle is able to
receive dispatch commands. The central AGV controller, in
turn, receives information of the vehicle status, position
within its environment, and confirmation of tasks (Shull,
1986) . Since they are driverless, guided by imaginary paths

or paths on or in the floor, these vehicles can effectively
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be interfaced with material handling subsystems or workcells

(Miller, 1987).

From this working definition of AGV systems a manufacturing
AGV can be categorised into the following functions: It must
have the ability to move from one location to another either
utilizing on board power or some external power source. It
must have the ability to follow a predetermined guidepath.
This path should be optimized for the material flow pattern
of a given application. For free-ranging AGVs, navigation
and navigational guidance techniques are usually a
prerequisite. Free-ranging AGVs must have the ability to
communicate with a central AGV processor. Data needs to be
transferred through some form of wireless communication link.
The central AGV processor must have the capability to co-
ordinate and decide on vehicle trafficking and have some

interface either with an operator or other subsystems.

To integrate a materials handling system into a flexible
manufacturing environment, a predefined communication
protocol is necessary. The most notable set of protocols
applicable to the field of AGV operation in a manufacturing
environment is the Manufacturing Automation Protocol
(M.A.P.). This may be used to integrate elements of a
manufacturing cell supplied by different vendors. This could
include integration of different elements, such as robotic
welders and computerized machinery. These systems can also
be integrated with a materials handling control processor
forming 'islands of automation' controlled by a production
engineering control centre. The M.A.P. could interface this
manufacturing cell with a control production computer which
would supervise the entire FMS (Fiorletta, Lennard & Harper,
1987), (Gould, 1990).

The transmission medium for M.A.P. is defined as a broadband
data transfer, spanning up to 10 million bits per second.

Using the M.A.P. structure, large amounts of data may be
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transferred rapidly throughout the working environment.
However, in a materials handling system, large amounts of
instruction information between the production mainframe and
the CAP is not necessary for efficient operation. By correct
utilization of the CAP, vehicle routes may be scheduled or
re-scheduled as well as path structures redefined to suit
dynamic requirements. Simulators for analyzing, planning and
designing AGV based material handling systems, have been
developed. These are usually designed to suit specific FMS
requirements. Specialized control centres are instituted to
simulate separate ’isiands of automation’. Each of these
work cells is then linked to a common central controller.
'Islands of automation’ have integrated facilities such as
computerized machinery, robotic welding and an integrated
materials handling system (McElroy, Stephens, Bonnell &
Gorman, 1989). AGVs with fixed guide paths and little or no
intelligence impeded the development of a flexible materials
handling system. The introduction of intelligent free-
ranging AGVs has made flexibility in FMS environments
possible. Although this diversity has opened up new concepts
in dynamic materials handling, <challenging obstacles
involving control, as well as vehicle management problems,
have arisen. Each control environment and management
approach determines the operating effectiveness of the
transportation network and ultimately the FMS (Lui, 1989),
(Lim, Siong & Choon, 1989).

Hardware failures within an automated environment can cause
complete system failure if a systematic design involving
simulation strategies is not adopted. Free-ranging AGVs with
dynamic path rescheduling are required for integration into
these simulation strategies (Gaskins & Tanchaco, 1989),
(MacLeod & Lun, 1992). The potential of free-ranging
vehicles with flexible path rescheduling and possible real
time path restructuring have unlimited possibilities.
Promising advantages can be gained such as congestion

avoidance and materials handling optimization. Smart vehicle



11

utilization can reduce the number of vehicles required which,
in turn, will reduce the complexity of simulation and
congestion, ultimately reducing capital and running costs

(Gaskins et al., 1989), (Ben-Arieh, 1991).

Computer integration for production and management control
is becoming increasingly popular within FMS. This is known
as computer integrated manufacturing system (C.I.M.S.).
System management includes the structuring of all possible
alternatives for each vehicle and machine situation within
islands of automation (Hammond, 1986). Interaction between
the production mainframe controller and CAP is of great
importance in defining high efficiency transportation routes

at minimal cost (Gaskins et al., 1989).

In accordance with the RIA’s latest definition, an AGV is not
a robot in the full context, but rather ’‘an intelligent or
semi-intelligent unit which performs tasks by moving from one
place to another under a certain set of conditions’ (Miller,
1987) . The essential capability of an AGV is its ability to
move from one location to another following a predefined path
under computer control. This is a unique capability in the
automated factory. Robots cannot provide the mobility of the
automated guided vehicle system, and conveyors do not offer
the flexibility (Miller, 1987). AGV systems and industrial
robots not only utilize similar advanced technology and focus
on increasing industrial productivity but they can also work
together in some applications. Two possibilities are
interfacing AGV systems and industrial robots to provide
automatic loading and unloading functions and mounting an
industrial robot on an AGV system to achieve mobility. It
is from this latter possibility that the term mobile robot
is derived (Milier, 1987).

The advancement of free-ranging AGVs within the manufacturing
environment is a relatively unexplored area of technology.

Based on the current available literature, there is still not
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a preferred communication, guidance or navigation structure
for the integration of free-ranging AGVs into the
manufacturing environment. It is felt, however, that duplex
communication using a wireless radio link between the AGV and
CAP will probably be the most viable. Various complicated
guidance algorithms have been derived to enable efficient AGV
movement. Nevertheless, it was believed that a relatively
simple guidance technique would suffice for the application.
The implementation of this concept in this research
application verified that a simple guidance algorithm is
acceptable in most situations. At present, there is no
preferred navigation technique for free-ranging AGV’s within
a manufacturing environment (Boegli, 1985). This is due to
the fact that various advantages and disadvantages are
associated with each procedure such as interference, ease of
installation, cost of installation, ease of implementation

and accuracy.
1.2 Motivation

A primary motivation for this research lay in the potential
it holds to contribute towards the knowledge for the
advancement of free-ranging AGV systems. Free-ranging AGVs
should be developed for application within the South African
environment in keeping with world wide trends. Based on the
research and development gained herein, the basic groundwork
for free-ranging AGVs within the South African manufacturing
environment can begin to be theorised. To keep abreast with
technical progress, the South African manufacturing sector
has experienced a trend towards automated manufacturing.
These developments have been sensitive to the large labour
market and therefore have maintained a high operator
interface. The need for free-ranging AGVs lies within heavy
industrial materials handling, as this is an area that is

unsuitable and hazardous for manual labour.

The main objective of this research is to develop an accurate
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navigation system which is easily implementable, modifiable
and expandable. This system should be insensitive to
interference allowing for a wider application while still
maintaining a relatively low cost. The use of the infrared
spectral medium and correct design procedures should result
in minimal interference. Furthermore, development 1in
technology continues to lower the costs of infrared
transmitter and receiver component circuitry. Rapid
developments in this technology have increasingly popularized

its implementation in many consumer applications.

This thesis proposes the development of a free-ranging
vehicle. It details an accurate, novel, flexible infrared
navigation technique. Radio communication methods are
examined and a duplex modem design presented. Path planning
and a flexible real time path modification system 1is
specified employing an innovative real time vehicle

management system.
1.3 Overview

In order to facilitate easy reading an overview of the

organisation of the chapters is provided.

Following this introductory text, the second chapter details
the various wireless communication methods investigated.
From this literature survey a design is formulated. Details
of this design which entails a frequency modulated wireless
radio link incorporating a simple frequency shift key (FSK)
modem is offered. The design procedures for the modem are
detailed in Appendix I.

A literature survey on various guidance techniques is then
presented. A program is detailed which enables an operator
to structure an AGV working environment from a central AGV
processor. An explanation 1is given of the guidance

philosophy incorporated in the CAP program. Furthermore, an
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account of the associated guidance technique developed for

implementation onboard the AGV is presented.

In chapter four an infrared navigation system with fixed

transmitter beacons termed System I is discussed.

System II, the focus of this research, 1is described in
chapter five. This is an alternative infrared navigation

system with fixed receiver beacons.

System III, a proposéd infrared system, is suggested in
chapter six. Additionally, a detailed discussion of the
results on communication, guidance and navigation is

provided.

For a clearer understanding of the experimental hardware
apparatus used in this research application the specifics of
the vehicle layout are presented in Appendix I. Appendix II
details theoretical calculations. Appendix III provides

relevant additional literature.
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CHAPTER TWO
COMMUNICATIONS

2.1 Introduction

In order to address the concept of communication in AGVs it
is necessary to review the growth of wireless communication,
as well as the various forms of wireless communication
employed. From this basis a detailed discussion of radio
frequency as a medium for wireless communication and its
associated data transfer techniques, as well as common
protocols used for data integrity checking is furnished.
This then lays the foundation for the choice of Frequency
Modulation (FM) radio as a medium, and for FSK as a data
transfer technique. A combination of standard protocol

checking employing checksumming techniques is presented.

As AGV systems became more complex, sophisticated methods of
communication evolved. The need for flexibility necessitated
the development of AGVs from non-free-ranging to free-ranging
in the working environment. For this to be achieved AGVs had
to depart from non-flexible guide paths to flexible imaginary
guide paths that could be altered easily to suit the needs
of the changing working environment. The nature of this
dynamic path structuring demanded some form of wireless
communication between a central controlling computer and an
AGV.

Initially the main advantage of wireless guidance was that
AGVs systems then possessed the ability to change guide paths
easily. This allowed for the concepts of a fully automated
manufacturing environment to become plausible. The
introduction of fully automated flexible manufacturing
systems resulted in a more dynamic approach to free~ranging
AGVs. Two-way wireless communication and flexible path
planning meant that an AGV’s path structure could be
dynamically rescheduled to satisfy the new needs for
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flexibility currently required within the manufacturing
environment. This enticing prospect has opened up the way
for broader concepts of free-ranging vehicles to be

introduced.

Initially, communication requirements for the original AGVs
were in the form of rudimentary instructions, usually given
by an operator programming a set of switches on the AGV’s
control console (Corran, 1986). This programming instructed
the vehicle to stop at certain floor sensors or select a
particular route at a given Jjunction. Floor sensors
consisted of reflective white tape making up a primitive bar
code, each code defining a particular instruction. Magnet
arrays were later introduced replaciﬂg bar codes and
resulting in clearer programming instructions. This proved
to be successful as they had the advantage of being able to
work in dirtier environments. As technology progressed,
switchable inductive loops were used, passing primitive
electromagnetic signals to the AGVs at selected stations.
Without intelligent onboard controllers, communication was
usually simplex in nature. Instructions were directed from
the Central AGV Processor (CAP) to the AGVs without
confirmation. This problem often lead to misinformation and

vehicles becoming ’lost’ or misinformed.

It was not until the seventies that microprocessor AGV
intelligence appeared. This had a profound impact on AGV
development as error free, duplex communication could now be
achieved. The CAP instructed vehicles to perform certain
functions rather than issuing specific step by step
instructions and the AGV could return intelligent meaningful
data to the CAP. This data could then be utilised in
’islands of automation’. Intelligent vehicles were
preprogrammed to interpret instruction sets issued by the
CAP. These instructions could be interpreted on board the
vehicles and then would simply return confirmation of the
work performed.



17

The advancement in two-way communication and data storage
initiated a new kind of AGV in the workplace. Vehicles now
had predefined docking stations where intelligent two-way
communication ensued. This data transfer was achieved using
photo-electric or infrared arrays, later to be replaced with
inductive-loops embedded 1in the floor. Transmitter and
receiver loops were placed either side of the guide-path.
The AGV was equipped with transmitters and receivers directly
above these embedded loops. Herein lay the beginning of
continuous, duplex, wireless communication. Frequency Shift
Keying (FSK) was the most popular data transfer technique and
this method is still the most favoured in present day AGV
wireless data transfer. Inductive-loops had high capital
costs because of the extensive wiring needed and this
prompted the development of inductive communication using the
inductive guide wire. This was achieved by superimposing
higher frequencies on the inductive guide-wire carrier
frequency and then decoding and filtering the received signal
(Premi & Besant, 1983).

If AGVs are to be truly free-ranging, then communication has
to be wireless in its nature. 1In all wireless communication,
interference must be considered and the integrity of the data
should always be verified. Wireless communication can be
divided into three areas. The first is the medium of data
transfer which can be defined as the means for transferring
the data from one point to another without the use of wires.
The second area, that is, data transfer techniques, can be
specific to certain mediums while others can be used on a
variety of mediums. The reason for using data transfer
techniques is to eliminate the problems of errors due to
interference on the medium. The third area is to establish
a protocol to determine the logical method of data transfer
which can then be used to verify its integrity. The
following section embodies a discussion on firstly, the

mediums for transporting wireless data, secondly, the
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transfer techniques utilised and finally, the establishing

of protocol.

2.2 Common Mediums used for Data Transportation

Two-way communication via an inductive loop (or the guidance
wire) is still the most popular communication method for
AGVs. Other mediums used for data transfer are infrared,
ultrasonic, radio frequency, visual light, audible sound or
a combination of these. Most of the fore-mentioned mediums
have the disadvantage'of requiring direct line of sight or
near line of sight for communication. These above mentioned
mediums do not have the ability to negotiate around corners
or obstacles. The data carried on these mediums can be lost
if the receiver and transmitter are obstructed by an
obstacle. Radio frequency overcomes this disadvantage with
ease. However, it has the drawback of interference with
sophisticated electronics such as microprocessors. This is
due to the fact that the motherboards interconnecting copper
tracks act as antennae. If these lines have high impedance
inputs, a voltage can be induced on them and consequently
interfere with the normal functioning of the microprocessor.
Similarly, some of the motherboard tracks with their high
frequency signals can act as transmitters which will induce
electro magnetic waves causing interference with the radio
link. For these reasons safety precautions should be
investigated, such as installing the motherboard in a Faraday
Cage. Radio frequency communication also has the positive
benefit of continuous, half duplex or full duplex
communication between CAP and AGV. Giordano (1983) utilized
an FM radio link between AGV and CAP. Status instructions
included battery charge level, loading/unloading, emergency
conditions and hours utilized. Research done at Imperial
College argues that a dual communication system incorporating
an FM radio link as well as infrared transmission has some
advantages. They claim that long range omni-directional

communication is used for low data transfer rates while



19

infrared direct line of sight communication is used for high
transfer rates during vehicle docking (Sen, Wang, Ristic &
Besant, 1991). A commercially available example of this is
offered on the Tele-Carrier II AGV’s designed by Interlake
conco-Tellus (Burr Ridge, Illinois), (Miller, 1987). Another
data transfer technique commercially available is infrared
communication offered by Allan Translift (Saginaw, Michigan),
(Miller, 1987). GEC Electrical Projects offer a commercially
available FM radio link which they claim can transmit
complete routes to selected vehicles from the CAP controller
(Evans, 1988). A further application implementing a wireless
communication link utilising infrared is demonstrated by Chin
(1989) as well as at the University of Connecticut. Here an
array of emitters is used to fulfil the communication process

over most of the AGV working area (Olgac & Wood, 1987).
2.3 Data Transfer Techniques

2.3.1 Common Methods of Unintelligent Data Transfer

Techniques

The ensuing account of unintelligent communication involving
pulse code modulation and pulse width modulation is presented
for the following reasons. It is necessary to explain the
form of communication that existed between intelligent
controller and unintelligent AGVs as this lays the foundation
for intelligent two way duplex communication. The original
AGVs were unintelligent fixed guide path vehicles with no
communication ability. Therefore, micro switches was one
method employed to stop or start a vehicle or inform it to
take a different guide path. The progression of AGVs to
semi-intelligent vehicles, with possibly a semi-dynamic path
structure, used rudimentary wireless communication signals
as a mechanism of instruction. . The mechanism now employed
was a wireless switch allowing for partial flexibility of the
AGV. Present day state of the art AGV systems incorporate

fully intelligent free-ranging vehicles with duplex
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communication allowing for intelligent instruction sets to
be passed between the CAP and AGVs. This allows for free-

ranging AGVs where flexible guide paths can be downloaded to

the AGV.

It is necessary to detail pulsed code modulation and pulsed
width modulation as they can be used for simple unintelligent

AGV communications.

2.3.2 Pulsed Code Modulation (PCM)

Pulsed code modulation transfers data as a specific pulse
train. Each train of pulses usually indicates a specific
instruction or sub-instruction. This pulsed train is decoded
at the receiver station and can be associated with a specific
set of instructions. This technique 1is commonly used to
transmit a switching command to a specific station. The code
is usually sent more than once and this eliminates problems
of sporadic errors. There are many commercially available
chip sets to encode and decode an instruction; usually a
single decoder chip is required for each instruction which
outputs a signal when supplied with a specific pulse train.
Due to the nature of this transmitting and receiving, it is
not commonly used in microprocessor communication where an
American Standard Code for Information Interchange (Ascii)
character set, with associated binary output values, has been
designed for this purpose. This ASCII format can be thought
of as a predefined pulse code modulation set (Leibson, 1989).

This character set 1is presented in more detail 1in

section 2.4.

A diagram displaying PCM transfer techniques, is presented
below. Here a predefined code is transmitted which is
identifiable at the receiver station and tranSIAted into a
specific instruction. A code data transfer application has

been realized in a materials handling environment where
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specific stations within the environment inform the AGVs of

their specific requirements (Dutton, 1990) .

CODE 1 -
Implies
instruction 1.

CODE 2 -
Implies
instruction 2.

Fiqure 2-1: Example of PCM Signal Encoding and Signal
Decoding

2.3.3 Pulsed Width Modulation (PWM)

Pulsed width modulation is commonly used for analog data
transfer. The magnitude of the analog signal is measured by
the mark-space-ratio of the digitized high signal to the
digitized low signal. This means that if the received signal
is proportionally longer in its high state than when it is
in its 1low state, the resultant analog value will be
relatively high. When the received signal is proportionally
longer in its low state the resultant analog value will be
relatively lower. This method combined with FSK is used on
modern radio controlled models, to transfer the analog values
from the transmitter to the model. The resultant analog
value is then converted into a proportional rotation of a
servo-motor. When dealing with analog data transfer,
sporadic errors due to interference, are not of great concern
and can easily be filtered out. However, sporadic errors
when communicating between two microprocessors will result

in meaningless communication. A diagram indicating this
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technique of pulsed width modulation is given below.

80% Mark Space
Ratio implies a
relatively high
analog signal.

20% Mark Space
Ratio implies a
relatively low
analog signal.

Fiqure 2-2: Example of PWM Analog Signal Transfer

2.3.4 cCommon Methods of Intelligent Data Transfer

When communicating between two microprocessors,
unidentifiable characters are transferred between the two and
these are later deciphered into a meaningful command through
the intelligence of the microprocessor.

Most commercially available wireless links are designed for
transmitting and receiving speech and, consequently, all the
circuitry is designed to operate with a bandwidth of 3 kHz.
Any signals with a frequency of less than 300 Hz or greater
than 3300 Hz will not paés through the system. This means
that if RS-232C was input into a standard wireless
communication 1link then steady state voltages, either
positive or negative would not get through and the data
stream would be lost.
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To overcome this, data transfer techniques have been
developed to convert binary data into a form which 1is
compatible with this 3 kHz speech bandwidth. The data is

modulated into an audio carrier signal.

The electronic equipment used to convert the binary data into
an audio signal is called modulation. Conversion of the
audio signals back into the binary data 1is called
demodulation. Normally two way communication is required
and, therefore, a modulator and demodulator are required at

each station. The piece of equipment that combines these two

functions into a single box is called a modem. There are
three basic modulation methods: amplitude modulation,
frequency modulation and phase modulation. When using

amplitude modulation, a frequency in the centre of the
passband (eg, 1500 Hz) would be chosen and this would be
transmitted at different amplitudes for a binary 0 and a
binary 1. This is clearly problematic from the outset where
a varying signal strength would result in erratic readings.
This method is seldom considered for transferring data over

a wireless communication link.

Neither frequency nor phase modulation suffer from the above
mentioned drawbacks and are both extensively used for
wireless data transfer.

In phase modulation (Phase Shift Keying - PSK) two phases can
be used for the high and low states. Detection of phase
changes is problematic and a method known as Differential
Phase Shift Keying has become more favoured. In this
technique, there is a phase shift at the start of every time

interval and this reduces some detection problems.

Frequency modulation using a method called Frequency Shift
Keying (FSK) is the most common method of wireless radio

communication (Exar, 1978). This is covered in detail in the
following section.
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There are many combinations and variations of the above
methods used today with the main objective being to achieve
higher baud rates while still satisfying the audio speech
bandwidth. Some examples of these are Gaussian Shift Keying
(GSK) , Gaussian Minimum Shift Keying (GMSK) , Four
Differential Shift Keying (4DPSK) and Quadrature Amplitude
Modulation (QAM).

Most of these methods employ sophisticated electronics to
achieve higher baud rates. A complex modem design for
achieving improved bit transfer rates sacrifices perfofmance
because of greater noise detection and hence an increased
data integrity checking overhead is required. To ensure
error-free data transfer over a specific medium there is
usually an associated data transfer technique. This can be
thought of as a code or method for transferring data and is
usually associated with the type of medium used. An
investigation of these techniques associated with a wireless
radio link is dealt with below. Concerning radio frequency
there are many available methods, the most popular being
Pulsed Code Modulation (PCM), Pulsed Width Modulation (PWM),
Gaussian Minimum Shift Keying (GMSK) and Frequency Shift
Keying (FSK) or a combination of these (Litwin, 1992),
(Bedford, 1990a, 1990b).

For the purposes of this project it was decided that FSK was
more than adequate for the communication process required.

In this application it was suitable to employ low data
transfer rates.

2.3.5 Frequency Shift Keying (FSK)

Frequency Shift Keying (FSK) is the most commonly used method
for transmitting digital data over radio and
telecommunication links. The digital high and low signals
are replaced with predetermined distinguishable tone values.

These values are modulated onto a carrier frequency and



25

transmitted. Once received these tones are translated back
to their respective digital highs and lows. The main
advantage of FSK is its resistance to static and other noise
interference. An appealing factor favouring this technique
is its ability to communicate separately with more than one
station without the need for intelligent interrogating. This
is achieved by using the same transmission frequency and
medium but allocating different encoded tones for the high
and low signals. Using this method, unintelligent listeners
can receive packaged data without the need to verify whether
the data is intended for that specific listening station..
When commuhicating with more than one intelligent listener,
there is no need for different encoded tones because the
intelligent receiving device can verify using some form of
predefined header data whether or not the received
information is intended for its use. Another method of
communicating separately with more than one station is the
use of a tri-state modem. Compared to the conventional bi-
state modem which utilizes only two frequencies, the tri-
state modem makes use of a third frequency, called a carrier
frequency. This term should not be confused with the
transfer mediums carrier frequency upon which these data
transfer frequencies are superimposed. The tri-state modem
selectively addresses each recipient, one at a time, by
activating them with their respective carrier frequencies
(Exar Integrated Systems, 1978). The tri-state modem was not
implemented in this research project as there was only a
single talker and listener operating on the modem at any
time. The modem then communicates using the bi-state
frequencies superimposed onto this carrier. A diagram
showing output and FSK waveforms is given below. (Note: The
phase-lock-loop has a finite ’locking time’ and this is shown
in the demodulated waveform below.)
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Fiqure 2-3: Example of Output and Tone Signals used in FSK

2.4 Standardizing Protocols for the Interconnection of

Microprocessors

The initial task facing the pioneers of free-ranging vehicles
was the need to establish an ‘Industrial Standard’ for
computer interconnection. The main advancement in this field
was the introduction in 1962 of the Electronic Industry
Association’s Standard E.I.A. RS-232 model for serial data
connection. This was updated in 1969 to become RS-232C.
This protocol has become a standard among IBM compatible
computers and many other micro—computers} RS-232C was
developed 1long before T.T.L. 1integrated circuits and
consequently the voltage logic levels are not conventional

+5 volt and 0 volt. Instead, they vary somewhere between +5
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volts and +15 volts for a high signal and -5 volts and -15
volts for a low signal. In the manufacturing environment
this facilitated a predefined common communication protocol,
allowing for two-way communication between an intelligent AGV
having an onboard micro-controller, and a CAP. This
solution, however, did not satisfy the overall FMS
requirements where a variation of intelligent devices were
required to work homogenously. A manufacturing system
controller can have many intelligent devices with which it
must communicate. From this predicament a Manufacturing
Automation Protocol (M.A.P.) emerged. This is designed on
the basis of the International Standards Organisation Open

Systems Interconnection (I.S$.0./0.S.I) reference model.

The M.A.P. system is designed to enable a single cable to
link different brands of computers, robotic assembly systems,
and other intelligent devices, through a common communication
protocol. This will eventually result in the ideal goal of

homogeneity in communication within a FMS.

Together with this predefined hardware protocol a common
character set was chosen, namely the American Standard Code
for Information Interchange (ASCII). This defines a standard
binary output associated with each character in the character
set and is the most commonly used character set. It was
initially developed in 1977 and defines 128 individual
characters. Each character has an associated binary output
consisting of 7 bits. The eighth bit was left for parity
definition. It has become a world wide standard under
several organisations. It represents all the capital and
lower case letters, numerals and popular punctuation marks.
(Another character set somewhat less popular is IBM’s

Extended Binary Coded Decimal Interchange Code - EBCDIC)
(Leibson, 1989).

Using these defined standards, wireless data transfer between

various intelligent devices can be investigated from a common
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perspective.
2.5 Description of the Design Communication System

The working environment utilized for this research
application comprised a laboratory with dimensions of 4
metres by 7 metres. Due to constraints of benches and desks,
the AGV has a free working area of 2.7 metres by 3.2 metres.
In one corner of the laboratory the CAP workstation is
placed. The path digitizing and AGV monitoring is all
achieved from this point. A modem is connected to the
workstation and also to the transceiver and this set-up
accomplishes half duplex communication. (This is bi-
directional communication with only one talker at a time).
The vehicle working environment is marked out on the floor
with tape. This facilitates physical measurement readings
which are necessary when measuring navigational results.
Navigational beacons are placed at 1locations within the
environment and these are wused for determining the
navigational positional co-ordinates. On board the AGV a
transceiver 1is connected to a modem which is in turn

connected to the onboard microprocessor.

The medium used to transfer information between the CAP and
the AGV is that of radio frequency and this is performed
using two transceivers. They operate using frequency
modulation at a 144700 kHz carrier frequency. Each of the
microprocessors communicate via their respective RS-232C
ports (Leibson, 1989). Data is transferred from these ports
to an FSK modem. An FSK modem functions as an interface
between a computer and a transceiver. On reception of data
the modem firstly determines the integrity of the incoming
signals. Provided that the incoming tones fall into the
predetermined communication values, the modem supplies the
data to the microprocessor’s serial communication port. A
subroutine is called which performs the task of data

integrity checking and verification. One subroutine is used
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for transmitting data while another is used for receiving
data. The configuration allows only one communication link
at a time, but in both directions - this is known as dual

simplex communication.
2.5.1 Medium

The medium used to transfer information between the CAP and
the AGV is radio frequency and this is performed using two
transceivers. Two transceivers were readily available for
this task. These were'Belcom, LS-20XE 2M FM transceivers.
They operate on a selectable frequency modulation ranging
from 140-150 MHz. A higher frequency would have been more
appropriate in terms of RF obstacle penetration. These could
be barriers such as concrete walls. Typical frequencies
applicable to the manufacturing sector fall into the 400 MHz
range. The specific frequency chosen for this operation is
144700 kHz. The transceivers operate from a 5 volt supply,
the AGV obtains this power from the power board described in
the section covering vehicle layout, and the CAP obtains
power from a separate transformer. The use of frequency
modulation as opposed to amplitude modulation presents the
advantage of low static interference. Static interference
is similar to a superimposed noise on the carrier frequency

and this can result in sporadic errors (Watson, 1983).
2.5.2 Data Transfer Technique applied in this Project.

The modem is an electronic hardware device used for data
transfer. The word modem originates from its combined
function of modulating and demodulating specific tones used
in typical voice functioning communication networks. FSK is
the method whereby digital ones and noughts are translated
into predetermined distinguishable frequencies (tones).
These are then modulated onto a carrier medium. On reception
of these frequencies at the receiver station, they are

demodulated back into their respective ones and noughts. 1In
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other words, a modulator-demodulator is needed to translate
digital ones and noughts into their respective frequencies
and back again (Exar, 1978). The modem converts these
digital ones and noughts into their respective frequencies
using a tone generator. In this application, the noughts
have a frequency of 1070 Hz and the ones have a frequency of
1270 Hz.

The carrier medium chosen is a 144 MHz FM radio frequency.
The FSK frequencies are modulated onto this carrier and
transmitted to a receiver. The receiving modem then
demodulates these frequencies back into their digital form
with a tone decoder. Radio transmission and reception is
achieved with a Belcom LS-20XE FM transceiver. The speed of
transmission 1is 300 bits per second (baud rate). This
relatively low baud rate was initially chosen to reduce the
possibility of interference. Figure 2-4 is a block diagram

displaying the transceiver and modem configuration.

Computer or

| on board
[7 microprocessor

v (—————* Tone generator
RS232 Interface +——————T

Tone decoder

Antenna

Transceiver

Figure 2-4: Block Diagram of Transceiver and Modem
Confiquration.
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Photograph 2-1: Photograph of Transceiver and Modem

Confiquration.

An explanation of the modem construction is provided in
Appendix I. Further details of the microcontroller
interfacing and transceiver interconnection is provided.
Upon completion of this wireless communication 1link, four
data transfer tests were conducted. The initial test was to
verify the transmission range in a direct line of sight
between the transmitter and receiver. The second test
subjected the communication link to a typical AGV working
environment. The third test carried out investigated the
transmission range through concrete barriers. A final test
conducted examined the transmission range through concrete
barriers when subjecting the communication link to machine
interference. The above results are detailed in chapter five
as part of the overall discussion of this research
application.
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CHAPTER THREE
GUIDANCE

3.1 Introduction

An AGYV which is travelling within its environment is
primarily required to avoid collision with obstacles such as
other vehicles or machines. This 1is usually achieved by
defining a mapping system which the AGVs must follow. When
following these predefined paths, preset tolerances are
required where a vehicle may deviate from its desired
location. This vehicle movement, together with its
predefined set of control éonditions, 1s known as guidance.
Guidance can be defihed as the technique whereby a vehicle
is given directions and motion instructions, satisfying a set

of conditions such that it arrives at a requested location.

Tc avoid ambiguity, it is necessary to define the difference
between conventional fixed path guidance and imaginary path
navigational guidance. Fixed path guidance is the technique
which requires the vehicle to follow a predefined hardware
constructed route. This guidance is not compelled to
identify its positional co-ordinate location within the
werking environment. Contrary to this, imaginary path
navigational guidance requires some form of positional
determination. The term navigational guidance is not to be
ccnfused with the conventional understanding of guidance
which is conceived as the following of physical predetermined
fixed paths. For navigational guidance positional co-
ordinate points are compared with software specified points
which make up imaginary guidepaths. Using computational
ccntrol algorithms the vehicle can be manoeuvred and
pcsitioned. Robins (1986) of General Electric Projects
Limited defines navigation simply as ‘Where am I?’ and
navigational guidance as ’‘Which path do I follow to arrive
at my destination?’. For clarity concerning this research

arplication the term navigational guidance is defined as the
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algorithm and guidance procedure dictating the movement of

the AGV to its requested location.

Having established the above definitions, this chapter begins
with an account of the various fixed path guidance techniques
and navigational guidance techniques. Details of the mosfet
motor controller designed for this research application are
provided. A digitised mapping structure to define AGV routes
in a working environment is presented. The various guidance
techniques which have been implemented in AGV movement are
investigated. Once these techniques are established, an
explanation of the navigational guidance algorithm that
satisfies course and fine navigational guidance requirements

is given.

Some guidance techniques incorporate two or more forms of
navigation. For purposes of this research application a
procedure was developed whereby course and fine position
definition was incorporated using a single navigation
technique. The guidance criteria therefore established the
navigational tolerances. The nature of the navigational
technique implemented indicates that the accuracy of the
navigation system is dependent on the speed of the vehicle.
As a result of this, course navigational tolerances were
defined for a travelling vehicle and fine navigational
tolerances for a docking vehicle. This concept of course and
fine navigation is implemented using two separate
navigational techniques (Burhanpurkar, 1991), (Petriu, 1991).
This is demonstrated by Banta (1989). They cite an example
where a combination of dead reckoning and position
measurements has been researched. Another method employing
a dual guidance technique is evidenced in laser guidance and
dead reckoning (Evans, 1988).
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3.2 Overview of the Fixed Wire Guidance Techniques

When AGVs were initially developed, there was little
requirement for flexibility due to the then rigid
manufacturing structure. The basic requirement was for AGVs
to move from one location to another along a predefined set
path. AGVs followed these paths using discrete electronics
or mechanical hardware for tracking and guidance. Examples
of the more commonly adopted methods for path determination

that have been developed are presented.
3.2.1 Induction Guidance Method

Most AGV industrial suppliers use the induction guidance
method for vehicle movement. This method usually implements
an 8 millimetre wire embedded approximately 25 millimetres
underground. This wire is laid along all the desired AGV
travel routes and typically employs a low voltage alternating
current with a frequency ranging from 9 kHz to 32 kHz. This
current induces a detectable low strength electro-magnetic
field around the wire. This magnetic field is picked up by
sensing coils onboard the AGV. The deviation of the vehicle
from the induction wire is directly proportional to the
induced strength in the receiver coils. These sensors also
determine the polarity of the electro-magnetic field and thus
the direction of travel. The received information is
amplified and translated into guidance signals which are used
to manceuvre the vehicle along the desired path. When using
this form of guidance the induction wire may also be used to
communicate with the vehicle. Higher frequencies are
superimposed onto the standard induction frequency. The data
is usually transmitted using Frequency Shift Keying (FSK) and
then decoded onboard the AGV. Communication is usually
accomplished in one direction, with the controlling computer
sending signals to the AGV. This single direction
communication is known as simplex communication. Two way or

duplex communication using a guidance wire as a transmitter
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and a receiver has been accomplished. However, communication
from the AGVs has proved problematic. This occurs as it is
difficult for the AGV to transmit a signal of sufficient
strength into the wire guidepath. This method of guidance
incorporating two-way communication has been developed by
Dayal, Rao & Sen (1986) . Two major drawbacks are that
firstly, paths are not easily modified because of the buried

cables; secondly, the initial installation costs are high.

3.2.2 The White Line Guidance Method

Routes are mapped out using a broad white tape laid down
along the desired vehicle path. Optical sensors on either
side of the vehicle are used to track this white 1line.
Deviation from the track is thus optically monitored by the
amount of reflected light received by the optical sensors.
This reflected 1light strength informs the guidance of
deviation from the desired path. This system allows for a
flexible economic way of quickly defining and monitoring
vehicle routes. A clean environment is essential for this
system and is therefore ideally suited for electronics
installations and office environments. A guide path encoding
technique has been developed to upgrade existing optical
guidance methods. This can increase the flexibility of
existing fixed path vehicles allowing them to enhance some
flexible guidepath properties. Using this technique vehicles
may depart from their fixed paths when encountering
unexpected obstacles or for delivery in more remote areas of
the working environment (Petriu & Basran, 1989).

3.2.3 Chemical Path Guidance Method

This is similar to the white line method. Here, instead of
a white line, a chemical substance is laid down in a trail
along the vehicle path. This is usually in the form of an

invisible fluorescent dye approximately 2.5 centimetres wide.
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The AGV tracks this path by focusing an ultraviolet 1light
source onto the substance. The reflected beam is monitored
with optical sensors and these inform the guidance circuitry

of any deviation from the desired path.

The above two guidance methods are almost identical and

therefore have similar disadvantages:

i) Networks must be kept fairly simple, since junctions
cause complex guidance problems.

ii) Due to the nature of vehicle tracking, these systems are

| sensitive to dirty environments. This causes
interference for the tracking sensors.

iii) The exposure of the tracking lines to the working
environment causes path wear and tear. It is found,
however, that these lines need repainting every six to
twelve months.

iv) Lines may be obscured by objects which will hinder or

halt the guidance.
3.2.4 Metallic Strip Guidance Method

Metal strips are laid down along the vehicle path in a
similar manner to induction guidance. Sensors are used to
track these strips. This method has the advantage of being
applicable in a harsh dirty environment whilst still
maintaining relatively good flexibility.

The major disadvantages of this system are:

i) Networks must be kept fairly simple, since junctions are
not as easily manoeuvred as with wire guidance.

ii) This method cannot be used in a machining environment
where metallic shavings could possibly interfere with
the vehicle tracking.

iii) The maximum detecting distance of the magnetic induction
sensing devices is approximately 25 millimetres which
minimizes the vehicle undercarriage clearances.

iv) Objects lying on top of the metallic strip may hinder
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or halt the guidance.
3.2.5 Magnetic Marker

Magnet arrays are placed at predefined locations along an AGV
route. Sensors are located onboard the AGV and these
determine the polarity and number of positioned magnets.
Using the polarity, number and positioning of these magnets,
guidance and position recognition is established. The main
drawback of this method is contamination due to iron filings
on the magnets. This causes-incorrect positional readings.
A method of magnetic guidance has been researched whereby a
belt-like magnet is laid down along the desired AGV route and
sensors onboard the vehicle are used for tracking (Kamewaka

& Uemura, 1987).

Although by the late 1980’s it was found that the induction
guidance technique was the most favoured, conventional
guidance techniques were becoming limited. As AGVs
progressed, collision avoidance and congestion problems
arose, which initiated complex software guidance algorithms.
Vehicle trafficking difficulties stemming from the undynamic
nature of the AGV systems and the 1lack of a two-way
communication network became more pronounced. This revealed

the need for a more flexible materials handling system.

The introduction of computerised machines and automation has
promoted the requirement for a more flexible transportation
network. AGVs have evolved to the point where predefined
physical tracks are undesirable and there is a need for an
autonomous navigation system. Without a predefined physical
path such as a guidance rail, an AGV could have the ability
to roam freely in its environment. This 1increased
flexibility would permit vehicle routes to be altered in real
time. This means that path alteration on a CAP would be
immediately transferred to the vehicle. This then would

ideally suit the diverse requirements of a fully integrated
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manufacturing environment. Using these <concepts, a
navigation system is required to define a vehicle’s location.
Once a vehicle position is determined, a guidance algorithm
defines a travel path between the navigational position and
the desired destination. This path planning is known as
navigational guidance. Navigation techniques are being
researched using various types of wireless sensory
transducers. These techniques are used for guidance of free-

ranging AGVs and fall broadly into the following categories.
3.3 Overview of Imagihary Navigational Guidance Techniques
3.3.1 1Inertial Navigational Technique

This technique wutilizes gyroscopes to detect vehicle
movement. This is accomplished by monitoring the change in
acceleration. Gyroscopes are set up with their axes parallel
to the direction of vehicle motion. If the vehicle deviates
from its path, an acceleration perpendicular to the direction
of travel will be detected on the gyroscope. This
acceleration value is integrated twice and this yields the
positional deviation from the path. These deviations are
sent to the guidance controller for path correction. A
disadvantage of this method is that a gyroscope monitors
change in acceleration and if a vehicle is travelling at
constant acceleration, path deviation cannot be detected.
(Turpin, 1986) (Miller, 1987)

This form of navigation was applied in the aerospace industry
for many years. As this application was costly it was not
popular in the industrial sector. In 1985, the first
inertial guided system for industrial application was
introduced by Flexible Manufacturing Systems Inc. The first
test system was used in the electronics industry for silicone
wafer fabrication (Miller, 1987). Further advancemeﬁts in
technology and reduction in costs has generated some interest

in navigation applicable to the manufacturing sector.
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3.3.2 Dead Reckoning Navigational Technique

This method employs encoders to monitor the rotation of each
wheel. Using this information, the relative position of the
vehicle is calculated with reference to its starting point.
However, wheel slippage is difficult to measure and therefore
errors can accumulate if this is not assimilated with another
form of guidance. An original method overcoming some of the
problems of accuracy and slippage has been developed by
Cybermation (Miller, 1987). A single steering motor is used
to control all wheel aésemblies in such a way that all the
wheels steer in the same direction at all times. All the
wheels trace parallel paths and therefore no differential or
slippage is experienced. This provides excellent tracking
capability while eliminating the problems assbciated with
differential alignment. This dead reckoning method is used
on the K2A mobile platform in conjunction with their
ultrasonic imaging technique (Miller, 1987). A method of
determining a real-time vehicle position by implementing a
pseudo-random binary sequence has been researched. This
technique, although effective, still relies on dead reckoning
for navigational determination (Basran, Petriu & Groen,
1989). A further experimental model has been tested to
evaluate linear and rotational movement of an AGV. Tests
conducted resulted in a linear accuracy of 0.25 percent and

a rotational accuracy of 0.4 degrees (Culley & Baldur, 1988).
3.3.3 Ultrasonic Imaging Navigational Technique

Ultrasonic distance meters are used to measure the distance
between the vehicle and its surroundings. An image map of
the vehicle work area is digitized and stored in onboard
microprocessor memory. Onboard ultrasonic distance meters
measure the distance from a known vehicle position to its
direct 1line of sight surroundings. The onboard
microprocessor then continuously generates a current map of

its surroundings. This map is compared with a predefined
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reference map and through this comparison the AGV is able to
estimate its current position. This comparison procedure has
peen developed exploiting artificial intelligence 1in order
for the navigating vehicle to efficiently arrive at its
predefined goal (Murphy & Arkin, 1988). Cyberworks use this
technique in their commercially available AGVs (Burhanpurkar,
1991). Dedicated navigational integrated circuitry,
developed by Cyberworks, embodies all the artificial
intelligence, vision, processing, navigational algorithms and
motion control for autonomous AGVs. A curved ultrasonic
array transducer has been investigated. This employs an
original technique whereby 32 transducers are placed in an
array. The received pattern is then compared internally with
an image map of the surroundings. From these comparisons,
positional determination is attained (Huissoon & Moziar,
1989). A transmission line matrix method of modelling wave
propagation has been implemented to evaluate ultrasonic
imaging of a workspace. This application provides an
improved understanding of the interaction of ultrasonic waves

and their targets (Pomeroy et al., 1991).

One of the major disadvantages of this form of navigation is
the requirement for powerful computational and data storage
facilities. Ultrasonic distance meters are susceptible to
interference from manufacturing machinery. This 1is
especially the case with commercially available standard
ultrasonic transducers that operate in the relatively low 40
kHz bandwidth. High frequency transducers that operate
around the 200 kHz bandwidth, while becoming commercially
available, are expensive. These factors need to be taken
into consideration during system design and implementation

because they depend on the AGV’s application and environment.
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3.3.4 Optical stereoscopic Vision

Two onboard video cameras are used to view the same
stationary object, from which the angular disposition is
measured. The two cameras are located onboard the AGV at
predetermined distances allowing them to generate two
different images of the same object. A comparison is then
made of these two stereoscopic images of the object, from
which an algorithm determines the vehicle position. An
imaging technique utilizing minimal computing overhead is
demonstrated in the VISOCAR. In this application the
navigational requirements are broken down into criteria
specific to each area of navigation. This is similar in
comparison to the concept of course and fine navigation
(Frohn & von Seelen, 1989). Another technique utilising
stereoscopic obstacle detection and which implements a
topographic mapping method, termed the inverse perspective
mapping technique, has been developed. Minimal computing
overhead is attained here by utilising algorithms that
discard irrelevant obstacle information (Mallot, Zielke,
Storjohann & von Seelen, 1991), (Storjohann, Zielke, Mallot,
von Seelen, 1990).

3.3.5 oOptical Navigational Technique

Optical navigation uses techniques involving some form of
light source to determine vehicle position. There are
numerous forms of optical guidance available and therefore
a standard technique is difficult to define. Light
transmitting beacons are historically well known for optical
navigation, for example, the use of lighthouses. This
rudimentary navigation form uses different light pulses to
determine the location of beacons. Experiments using these
concepts of pulsating visual 1light beacons have been
conducted to determine their applicability for AGVs within
the manufacturing environment (Katz & DeWet, 1990). However,

most practical AGV applications in the manufacturing
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environment use infrared as a light source because of its
immunity to external interference and the fact that it is not
visible to the naked eye. This results in an invisible but
effective method of signalling between a vehicle and a fixed
location point. Using this signalling technique many methods
of optical navigation have been conceived for practical
application within the manufacturing sector. For instance,
a practical application using a reflective light system was
developed by the TOR group (Quebec, Canada). The AGV directs
infrared light towards reflective targets and the return
signals are triangulated. This advises the vehicle of its
relative position (Premi et al., 1983). Retroflective
materials and their application for AGV guidance has been
investigated (Dickerson, Lee, Lee, Single & Li, 1991). A
further advancement noted in this field is a rotating laser
scanning device produced by the General Electric Company in
conjunction with the Caterpillar company. Navigation is
achieved by this laser monitoring the return signals from bar
code targets placed within the navigation environment (Evans,
1988), (Butler,1989). An original navigation technique has
been developed incorporating ultrasonic and optical sensors

in a free-ranging navigation system (Drunk, 1988).

Over the past few years, as the interest 1in wireless
navigation expanded, the above techniques began to be more
thoroughly investigated. As this is a new science, no single
navigation technique has yet proved itself for application
within the manufacturing environment. All these navigation
techniques, like their fixed physical path predecessors, have
advantages and shortfalls as far as flexibility, ease of
installation, low cost, range and accuracy are concerned
(Voskiakos & Malis, 1990). Speculation exists that further
experimental work in the navigational field will result in
the preferred technique for application within the
manufacturing environment. This supposition is based on the
evolvement of fixed wire guidance which resulted in the

induction wire technique being the most utilized.
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It is felt that optical triangulation offers the most
benefits by comparing flexibility, ease of installation, low
cost, range and accuracy for application within a

manufacturing environment.

The nature of navigational guidance demands that a guidance
strategy should first be defined. It is necessary to clearly
specify the guidance method by defining the overall design
criteria which includes the drive mechanism, mapping
structure and guidance rules. This lays the basis for the
development of an original navigational technique, details

of which are given in chapter five.
3.4 Guidance Design Criteria

The conventional AGV, designed for materials handling, is
based on an inflexible guidance system which incorporates
fixed guide-paths (Dillman & Rembold, 1988). The AGV is a
computer-controlled system, therefore, its integration with
a hierarchical type of computer-controlled manufacturing
environment is both possible and advisable. Linking a
flexible AGV system with FMS hardware could generate ’‘islands
of automation’ (Arkin & Murphy, 1990), (Hartley, 1984). This
could serve the envisaged dynamic requirements for modernised
manufacturing (Katz & Asbury, 1990). Increased flexibility,
autonomy and integration within a manufacturing environment
has resulted in the development of AGVs into free-ranging
vehicles. A free-ranging vehicle, serving as a materials
handling system or base for mobile robots, eliminates the
present rigid guide paths. Furthermore, this enables on-line
vehicle positional determination and amendments to predefined
imaginary routes (Katz et al., 1990).

For flexibility, - the guidance system requires overall
positional control of the AGV. The speed and direction
requirements of the AGV must be satisfied at all times if the

vehicle is to be truly free-ranging. A free-ranging AGV must



44

incorporate some form of computational navigation guidance
algorithm (Fok & Kabuka, 1991), (Kim, Young-Gon & Naganathan,
1990). In order to determine meaningful movement an AGV
should have a desired requested location and a known real
location. The angular and linear difference between these
two positions results in calculations necessary to ascertain
guidance. Algorithms are required to determine variables
such as time and rate of acceleration, velocity and wheel
direction. These calculations consider predefined guidance
routes and then implement control functions to achieve the
desired requested location. In most guidance techniques, the
error between the desired and known position is continuously
interrogated and corresponding action taken until this error

is less than that set out in the guidance criteria.

For AGV autonomy, guidance forms an integral part of
navigation and one cannot function properly without the
other. These two work in a closed-loop feedback concept; the
guidance continually corrects the error between navigation
position and desired position. This is demonstrated in the

block diagram below.

Desire
d Eeror Driver
Location Location
ﬁ‘m »  Guldance >
Navigation
Fiqure 3-1: Flow Diagram of Navigation and Guidance 1in

Feedback System
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For an AGV working in a FMS two main design criteria have to
be satisfied. The dynamic and static tolerances of the
vehicles guidance have to fall within the overall FMS
acceptance range. The dynamic guidance tolerance is the
allowed deviation of a travelling vehicle, from a pre-mapped
path, before corrective guidance action 1is initiated.
Dynamic accuracy of the navigation system 1is the main
criteria when considering this tolerance value. If an
acceptance range equal to or smaller than the dynamic
navigational accuracy is required then the guidance would
continually overcorrect the positionél accuracy resulting in
an unstable system. This applies similarly to the static
accuracy. The static guidance acceptance range must be
greater than the static navigational accuracy if a vehicle
is to successfully position itself without continually
overcorrecting. The graph below defines the navigational
accuracy for a given linear speed together with a FMS
acceptance range. The guidance acceptance range should fall
into the area between these two graphic representations if

desired movement is to be achieved.
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Graph 3-1: Example of a Graphic Representation for

Acceptable Guidance Limits

An examination of the above graph indicates that if the FMS
navigational acceptance range is less than the navigational
accuracy then the guidance acceptance range would not exist.
Under these conditions if guidance is implemented the AGV
guidance would continually overcorrect resulting in unstable
contrcl. The implementation of a poor navigation system in
comparison to the requirements of the FMS would again result
in an unstable system.

A vehicle attempting to position itself at a desired location
must firstly examine its static location by interrogating the
navigation system. The guidance algorithm compares this

information with the desired vehicle position and whenever



47

this position falls outside the guidance acceptance area

corrective action 1is taken.

The design criteria of this research application required
that a free-ranging AGV must be able to follow a
predetermined mapped path within a manufacturing environment.
This path can be modified according to specific requirements
without having to rely on a predefined physical path for its
movement. The mapping of predetermined paths is performed
via the CAP, including‘restricted areas of access, obstacle
avoidance and intermediate operations (Cesarone & Eman,
1989). Subsequent to such path and area mapping simulation,
the data is both stored and downloaded on request to the

AGV'’s on-board microprocessor.

Having specified the guidance criteria it is necessary to
detail the integration of this to the AGV hardware.

3.5 Guidance Hardware

In this section a description of the drive mechanism used to
manoeuvre the vehicle is presented, as well as details of the
design and construction of the electronic d.c. drive
circuitry. This is followed by an explanation of the
interface between the electronic motor driver hardware and
the micro-processor. Finally, the method for structuring a
simulated vehicle environment is outlined. This includes

path and obstacle definition.
3.5.1 The Drive Mechanism

The Mecanum movement principle chosen to move and guide the
vehicle required that each of the four motors have
independent speed and direction control. The kinematic
analysis and implementation of a Mecanum wheel is reviewed
and investigated by Dillman et al. (1988). The direction and

movement of the vehicle was controlled by varying the speed
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of the wheels independently. This principle achieved optimum
vehicle direction control satisfying all possible directional

requirements of the guidance algorithm. (Dillman et al.,

1988)

Motor control was achieved using mosfet d.c. chopper
circuitry. An independent d.c. mosfet chopper was dedicated
to four separate driver motors. This resulted in separate
power control to each wheel. Double-pole double-throw relays
are used to reverse the polarity of each motor. Each relay
was energized using four digital outputs from the AGV
motherboard. These determined the direction of each wheel
and were managed by the guidance software contained in the
AGV guidance subroutine. Four analogue outputs from the
motherboard controlled the chopper driver power output to
each motor. This resulted in the onboard guidance software
controlling the chopper module and this drove each motor
independently at varying speeds and directions of rotation.
Full detail of the mosfet chopper module is detailed in
Appendix I. A block diagram 1s presented in Figure 3-2
below. (Freeman, 1979), (Van der Horst, 1987), (Coughlin &
Dirscoll, 1987).

Computer Anaiog Troot To>— B
[Computer Digital 1nput il e
[Computer Analiog lnput 2 o=
[Somputer Diaital laput2 o— CONTROL 18 kHz
[Computer Analog Input 3 >— INBUTS PULSED Motor 3
[Computer Digital Inputld D=

OUTPUTS
[Computer Analoqg [0put 4 e
[Computer Digital faputd J —

POWER MOSFET CONTROL BOARD

F@qure 3-2: Block Diagram of I/0 for Mosfet Chopper

The d.c. motors independently drove four wheels through a 5:1

ratio. These wheels were omni-directional based on the
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Mecanum movement principle and measured 14 centimetres in
diameter (Dillman et al., 1988). The wheel structure allowed
the vehicle to travel in any direction specified by the user
by varying the motor speeds and motor directions for each
wheel independently. Each motor delivered a maximum of 1
newton meter when drawing 2.5 ampere. A top speed of 70 rpm
was attained from each motor resulting in a maximum linear
vehicle speed of 0.1 metres per second. A photograph of the

Mecanum wheel and the d.c. motor is presented below.

Photograph 3-1: Photograph of a Mecanum Wheel and d.c. motor

Having established the drive mechanism the control strategy
is now explained.

3.6 Computerized Mapping System

The computerised mapping system was developed to enable the
AGV to move about the factory floor independently (Nielsen,
1988). The objective of obtaining a truly free-ranging AGV

within a predefined work area was achieved by defining a map
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layout contained within the AGV microprocessor memory and on
the CAP. This environment structuring consisted of defining
paths which may be taken by the AGV within the given
environment as well as prohibited areas. This allowed for
areas which the AGV may access but are not on the predefined
path layout. This defined a format whereby a location lying
outside the predefined path structure could be accessed by
the AGV. The function allowed the AGV to be free-ranging

within the entire working environment.

The process of mapping and data manipulation for the correct
motions is as follows: The length and breadth of the working
environment is recorded. An algorithm then converts these
dimensions into a grid-vector array. The working environment
can then be viewed on the CAP. Areas where the vehicles may
not pass are laid down on the screen with the aid of a
digitizer. These areas are then erased from the vector
array. The simulated mapping system is laid down within the
working vector array environment which consists of lines and
rotation points. Each path structure 1is verified to
ascertain whether it falls within the pre-described vector
array. Should the path fall outside the vector array, an
error message 1is generated. Once all paths have been
simulated on the CAP screen, the data is stored and

downloaded to the onboard microprocessor.
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. WORKSTATION C

NO ENTRY AREA

Fiqure 3-3: Schematic Representation of AGV  Working

Environment Displaved on CAP Computer Screen

3.6.1 Central Program

A control program which integrates facets of design and
control of a materials handling system has been developed and
is presented. This program is divided into two main
sections, namely: Real time simulation and dynamic
interactive structuring of a materials handling environment.
These are two separate strategies which are integrated into
an overall central program used to facilitate dynamic path
modification during real time vehicle operation (Moslier &
Schneider, 1988). -
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The bulk of the mapping program structure consists of six
subroutines. Each subroutine is operable from a selection
menu which is located in the main control program. These
routines can be independently selected using the digitizer.
The main program displays the working environment upon which
a pull down menu is overlaid. This menu displays those
options which are used to simulate the working environment
and control the operations of the AGV. This pull down menu
is removed whenever the simulated AGV environment is required
for display. Removal of this pull down menu is necessary for
structuring the AGV working environment, modifying the routes
or monitoring real time AGV movement. The six options
located on the pull down menu are briefly described. Further
details of each function and their associated subroutines are

presented in Appendix I.

Upon installation of the AGV simulation package an operator
is required to define an environment structure. Predefined
routes can be laid down within the simulated environment
using the ’select routes’ option. Areas that are
inaccessible to the vehicle due to physical obstructions such
as machines or other impediments can be defined within the
working environment using the ’place obstacles’ option. Any
routes or no-entry zones may be deleted using the ’‘delete
objects’ option. The structured environment can be saved to
disk and downloaded to the AGV onboard microprocessor’s
magnetic media with the ’‘save map’ option. Once a mapping
structure has been defined real time simulation may be
monitored. This is achieved by selecting the ’‘return to map’
option. This option displays a simulated working environment
on the CAP screen as well as the navigational co-ordinate
points of the AGV as it manoeuvres along a predefined route.
The screen layout of this simulation is depicted in the
photograph and diagram presented below.

The simulation program presented provides the operator with

an opportunity to alter path segments during vehicle
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operation. Any path segment may be altered to suit a dynamic
operation requirement. This alteration can be achieved
provided that the vehicle 1is not traversing the specific
segment during the modification procedure. If modification
is attempted on the same route segment that a vehicle is
traversing, an error signal will be emitted and route

alteration prohibited.

Photograph 3-2: Diagrammatic Representation Showing Graphical
View of Controller Program
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MAIN MENU

Return to Msp
Select Routes
Delete Objects
Place Obstacles
Save Map

Quit

]

Fiqure 3-4: Diagrammatic Representation Showing Graphical

View of Controller Program

3.7 Guidance Strategy

The AGV navigation system continuously updates the CAP of its
co-ordinate position. This occurs whether the vehicle is
stationary or moving. Using continually updated positional
co-ordinate points, a vehicle path may be described.
Furthermore, each predefined route segment can be defined as
a vector with starting co-ordinates and ending co-ordinates.
Using this data a navigational guidance strategy may be
determined by comparing these navigational co-ordinates with
a predefined AGV route segment. Over the past few years many
navigational guidance strategies have been developed to
facilitate effective vehicle movement. Artificial
intelligence incorporating self-organizing, fuzzy logic
controllers and associative memory type neural nets have been

implemented in adaptive decision strategies for AGV guidepath
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control (Brown, Fraser, Harris & Moore, 1991).

It is considered that in most applications vehicle
positioning requires an accurate navigation system and
guidance algorithm. Static navigation is primarily concerned
with vehicle docking. A vehicle attempting to position
itself will manoeuvre at a minimum speed. For guidance
purposes, the vehicle should take static navigation readings
before finally positioning itself. This would result in a
higher vehicle positional accuracy. AGV movement along a
given path usually allows for greater tolerance limits.
These greater tolerance limits enable the navigation system
and associated guidance algorithm to operate within a greater

working range.

For these reasons two separate guidance algorithms and
associated guidance ranges are defined. The first algorithm
is implemented in dynamic manoeuvring, the second to locate
the vehicle. Although a guidance algorithm could be derived
that would be dependent on varying vehicle speed, it is
considered unnecessary for a general application. 1In most
materials handling operations an AGV is required to travel
along a given path and then position itself at an end
location. 1In these applications a single dynamic algorithm
would suffice for vehicle movement. A separate static

algorithm could then be used for vehicle docking.

Guidance is effected by comparing navigational co-ordinates
with a predefined AGV route segment. The vehicle route
segments are stored onboard the AGV in a vector format. This
reduces the guidance specifications to straight lines and
rotations about the centre of the vehicle. Graph 3-1
illustrates that if the appropriate control is to be achieved
then the guidance range should fall between the acceptable
working environment range and the navigational accuracy. As
the research vehicle does not have a defined environment

range, the vehicle guidance range was defined to be
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25 percent greater than the navigational accuracy. The
navigational accuracy 1is determined from experimental
measurement in chapter five and these results ultimately

determine the guidance acceptance range.

The criteria for guidance stipulates that when a vehicle
falls outside the predefined ranges, the appropriate guidance
algorithm should be implemented to correct this deviation.
The appropriate guidance algorithm is selected according to
criteria based on the final navigation point of a given
route. If the AGV falls outside the predefined range of the
end location point then dynamic guidance is implemented.
Whenever the AGV is within the predefined range of the end

location, static guidance is implemented.
3.7.1 The Navigation and Guidance Interface Subroutine

In the event of an AGV navigational co-ordinate falling
outside the predefined guidance tolerance limits, the main
guidance subroutine selects either a static or dynamic
guidance algorithm. The dynamic guidance algorithm is
implemented in vehicle manoeuvring along a predefined route
segment. Alternatively, the static guidance algorithm is

implemented for vehicle positioning and docking.

The guidance is effected by continuously comparing the
measured navigational readings with the desired path
position. If the difference between these values is greater
than the predefined dynamic guidance range then the
corrective dynamic guidance routine is initiated. Upon the
vehicle arriving within a predefined range of the requested
destination, a locating guidance subroutine is implemented
to position the vehicle at the desired end point. This

procedure is illustrated in the flowchart below.
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Fiqure 3-5: Subroutine Interfacing Navigation and Guidance

3.7.2 Subroutine and Algorithm for Corrective Dynamic

Guidance.

The CAP transmits an end location via radio link to the AGV.
The AGV then determines the correct route segments to follow
in order to arrive at the end location. The route segment
closest to the AGV is then passed to the main guidance
subroutine. Navigational co-ordinates are received via radio
link and are compared with the route segment. The subroutine
activates the wheels to move in a forward direction along a
vector. This vector is defined by a straight line between
the AGV and the end of the path segment. The guidance
subroutine continuously monitors the difference between the
desired path location and the assumed real vehicle position
which is determined by navigation. When corrective action

is required to relocate the vehicle back on track, an
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algorithm is used to calculate the new direction of the
vehicle. Using the navigational data and the start and end
points of each route vector, a corrective rotation angle is

calculated. This angle calculation is displayed below.

tana1=u.................. Eqn 1
Xy — X
Y. - ¥
tan a, = e M e e e e e e e e e e e e e e e Egn 2
Xe — X,
Where: X, Y, are the navigational co-ordinates.
X,, Y, are the vector starting points.
X,, Y, are the vector ending points.
Navigational
co-ordinates
Xn Y
"B
a1
az
Xg ¥s
Starting Xe Ye
co-ordinates Desired
co-ordinates

Fiqure 3-6: Anqular Determination for Corrective Dynanmic

Guidance

Referring to the diagram and equations 1 and 2 above, it can
be seen that beta (B) is the required rotation angle to
redirect the vehicle to its planned location. The angle beta

(8) is equal to alpha 1 (a,) plus alpha 2 (a,) (8 = a, + o).
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This is derived from the geometric theorem that an exterior
angle of a triangle equals the sum of the interior opposite
angles. A subroutine 1is called whenever a correctional
guidance procedure is required. The angle B is calculated
using the assumed navigational co-ordinates (X , Y,) and the

starting (X, Y,) and ending (X Y,) co-ordinates of the

e’

route segment. Negligible inertial effects arose when
attempting to halt or rotate the vehicle because it was
moving slowly (0.03 metres per second) during navigation and
it had suspension on each wheel. A flowchart illustrating

this dynamic guidance procedure is presented below.

CALCULATE
CORRECTIVE
ROTATION ANGLE
T

}

ACTIVATE MOTORS TO
ROTATE VEHICLE BY
CORRECTION ANGLE

RE-INITIATE FORWARD
TION

Figure 3-7: Subroutine for Corrective Dynamic Guidance

3.7.3 Subroutine and Algorithm for Corrective Static
Guidance.

A separate algorithm is required for static positioning of
an AGV. Whenever the navigation location point falls inside
the area defined by the end location point, static navigation
is implemented. When positioning the vehicle on a desired

location, the vehicle platform should remain in the
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predefined direction. Assuming a vehicle had overshot a
required location, it would be cumbersome and time consuming
to rotate the vehicle before attempting to 1locate it.
Therefore, under static guidance conditions, the vehicle
maintains its pre-described direction and, using the Mecanum
wheels, it alters its location by side, forward or reverse

movements. A diagrammatic representation of this is

presented below.

s N

Described AGV < nayigational "
path ./ co-ordinate '\
h\\“‘\~¢/ Xn Yn \\

/ - \
, Final destination,
co-ordinates

\
i
Xd ¥d ;
}

\ i

Figure 3-8: Diagrammatic Representation of Corrective Static

Guidance

Referring to the diagram above, the static navigation is
effected in the following manner. Upon the AGV entering the
static guidance tolerance range a signal is directed to the
guidance to halt the vehicle. A navigational co-ordinate
position is recorded and then the X and Y displacements
between the navigational co-ordinate and the desired end
location are calculated. The vehicle traverses the

calculated distance in a sideways direction. This realigns
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the vehicle on the route segment. The vehicle then moves the
calculated distance in a forward direction to its final
position on the desired end location. The subroutine for

this procedure is presented below.

Many complex guidance algorithms have been developed which
follow memorized paths (Arkin et al., 1990). Many are
specific to the type of vehicle movement and the form of
mapping required. An algorithm specifically suited for the
Mecanum wheels has been developed by Dillman & Rembold
(1988). It is felt that the application of these principles
is beyond the scope of this development and seemed
unnecessary in this application. This provides the framework
for the application in this research of an original optical

triangulation navigation technique.
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Figure 3-9: Subroutine for Static Guidance
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CHAPTER FOUR
NAVIGATION

4.1 Introduction

The main objectives in researching navigation were to achieve
low cost, ease of installation, flexibility, long range and
high accuracy. It was considered that ultrasonic imaging
used as a navigational technique posed problems of high
overhead on the computlng time of the onboard mlcroprocessor

A further drawback was environmental interference experlenced
in a manufacturing environment as well as problems concerning
positional accuracy (Arkin et al., 1990). Optical
stereoscopic vision is costly to implement. Furthermore, the
image processing consumes excessive computing time of the
onboard microprocessor. Inertial navigational techniques are
still in their infancy resulting in high costs, complex
monitoring and inaccuracy. It 1is felt that optical
triangulation offers good range, low cost, minimal
interference, flexibility, accuracy and is comparatively easy
to implement. Furthermore the use of infrared as an optical
medium offered many advantages. Infrared light is a light
beam which is not visible to the naked eye. It has the
properties of a long wavelength when compared to the 1light
spectrum and thus has difficulty penetrating the atmosphere.
For this reason, it is useful in signal transmission and
detection because only small quantities of this 1light
wavelength occur naturally in the atmosphere. This enables
the receivers to detect transmitted infrared 1light with
limited interference. For these reasons, infrared optical
triangulation was considered the most viable option for AGV

navigation within a flexible manufacturing system.
4.2 The Concept of Triangulation

Triangulation is a method that has been developed to

determine unknown positional co-ordinates. Triangulation
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techniques are easily understood in the field of surveying

where unknown geographical points are determined using a

theodolite. A further contemporary example is the global
positioning system (GPS} (Bistrack Vehicle Positioning
System, 1992). This uses satellites as beacons to

triangulate its unknown pcsition. Electromagnetic waves are
used as the navigational medium and it is comparatively
highly accurate when related to global positional
determination. This system 1is 1inapplicable in a
manufacturing environment because the physical ranges between
the beacons and the reéeivers render accuracy to a minimum

of 5 meters (Bistrack Veh:cle Positioning System, 1992).

For clarity concerning the navigation system chosen in this
research application it 1is necessary to understand the
rudimentary concepts of <riangulation. Three beacons are
placed at three fixed knswn locations within an area and
there is an unknown posit:on, P. The location of P may then
be determined by measurinc the angular displacements (al, a2
and a3) between the beacons with respect to the unknown
position P. This concept of location determination is known
as triangulation. The precision of this method is dependent
primarily on the accuracy of measurement between the beacons
from the point P. This then lays the basis for the choice
of optical triangulation as a navigation technique. Optical
triangulation was applied using infrared as a light source.
This has comparatively 1little interference problems when
concerned with transmittimg and receiving if correct design
procedures are adhered to. Therefore, it is advantageous in
a harsh manufacturing env ironment where a large number of
external interference factors influence most other navigation
systems. Further reason= influencing the choice of this
system were low hardware c.osts and ease of installation. If
accuracy can be achieved tr is optical triangulation technique

would offer distinct free-ranging navigational advantages.
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4.2.1 The Multi-beacon Concept

For triangulation a minimum of three beacons are required for
position determination. However, it was found that more than
three beacons are advantageous in enhancing the flexibility
of the navigation system and this is referred to as the
multi-beacon concept. An example of a situation where more
than three beacons are required arises when, in a three
beacon environment, there is a temporary obstruction of one
beacon. This would prevent the vehicle from determining its
location. The obstruction could be due to a fixed physical
object such as a machine or a moving object such as a vehicle
or person. A further situation requiring a multi-beacon
concept arises when a vehicle navigates in two separate
areas. When the vehicle is operating in one area and the
three beacons are only visible in the other the vehicle is
unable to navigate. This can be overcome utilizing the
multi-beacon concept to ensure that at least three beacons

are visible at any one location within the two areas.

The concept of multi-beacon navigation requires that the
navigation system identifies each beacon individually within
the environment together with its predefined location. This
information is required in the navigation algorithm when
determining the vehicle position.
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Note:

Xbeaconl, Ybeaconl, Xbeacon2, Ybeacon2, Xbeacon3, Ybeacon3
are all co-ordinate positions of three beacons from a known
reference point.

tanal is the angular displacement between the first beacon
and the second beacon measured from an unknown position with
resultant co-ordinates oo Y.

tanBl is the angular displacement between the first beacon
and the third beacon measured from an unknown position with
resultant co-ordinates'xp, YV
X, and Y, are the resultant co-ordinate positions that are
obtained from the resection formulae and define an unknown

position P from the predefined reference point.

Many algorithms have been derived for position determination
using triangulation, the most common being resection. The
basic geometrical principle upon which the solution of the
resection problem depends, is that all angles subtended by
a chord in the same segment of a circle are equal (City
Engineering Department, 1987). This is demonstrated in the
circle theory (see Appendix III). Using this theory an
algorithm was derived which was used here to calculate the

positional co-ordinates of an AGV within its environment.
4.3 Navigation Systems

An initial system was designed employing the concept of a
minimum of three stationary transmitter beacons of known
location and one rotating receiver beacon of unknown
location. This rotating receiver beacon could measure the
angles between one fixed transmitter and the next. This
system was designed to demonstrate the concept of
triangulation with fixed transmitter beacons and the rotating
receiver. From the outset it was understood that the use of
conventional infrared receivers/decoders would limit it to

static positional determination. Due to the slow response
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time of these components it could not determine the
positional requirements of a moving AGV. In order to
implement a navigational system that could operate
effectively in a dynamic AGV environment a second system was
developed. System two utilized the concept of one rotating
transmitter beacon of unknown location and three stationary
receiver beacons of known location. The implementation of
system two proved to be successful for the requirements of
this research application. ©On the basis of the experimental
data and experience gained from this implementation it was
possible to propose a-third system. Details of this are

presented in chapter six.

SYSTEM ONE SYSTEM TWO
3 stationary transmitter 3 stationary receiver
beacons of know location. beacons of known location.
1 rotating receiver of 1 rotating transmitted
unknown location. beacon of unknown location.

Table 4-1: Table comparing System One and System Two.

4.4 sSystem 1: Design Criteria

This concept implements triangulation by transmitting
infrared light from fixed, known, stationary beacons. The
conceptual design operates on a principle whereby a minimum
of three transmitter beacons are placed at predefined co-
ordinate locations within the AGV working environment. Each
of these stationary beacons transmit pulsed light at an
allocated unique transmitter frequency. The infrared
transmitters should have at least a 50° spectral angle to
allow for acceptable transmitted light coverage over the AGV
working area. It should be noted that navigation can only
occur in the area where all three infrared beams coincide.
A narrower spectral angle would greatly reduce the’working
area of the vehicle. An infrared receiver is placed onboard

the AGV in an enclosed housing with a rectangular slit. This
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eliminates the viewing of 1light on the horizontal plane
except when the receiver is facing directly towards a given
infrared transmitter beacon. Light can still be viewed on
the vertical plane. This permits the transmitter beacons to

be placed at variable heights within the working area.

The infrared receiver rotates with the aid of a stepper motor
which maintains precise incremental rotational position. The
exact angular displacement of the rotating housing can be
determined by continuously logging the number of output
pulses passing from the computer to the stepper motor driver
circuitry. In this manner precise angular measurements
between transmitter beacons may be determined. This process
is effected using an incremental counter which is in the main
program of the microprocessor onboard the AGV. The housing
is rotated firstly 360° in a clockwise direction; this
process is thehfreversed as it rotates 360° in an anti-
clockwise direction. This procedure is continuous. In such
a manner the wires that are connected into the housing are

prevented from becoming excessively twisted.

Provided stepper motors are correctly driven and controlled,
the problem of pulse skipping should never occur as is
verified by the control achieved in stepper motor drivers
utilized in plotting applications. However, presuming this
unlikely incident occurs, the positional data would be
discarded by the microprocessor as it would result in an out-
of-range co-ordinate.

Once the infrared signals have been received their
frequencies are decoded, resulting in separate output signals
corresponding to each received input frequency. Each of
these signals are allocated a unique microprocessor input
port. External decoder circuitry deciphers the received
frequency and thus determines which beacon the receiver is
facing and informs the microprocessor. On line navigational

positional data can be calculated by measuring the angular
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displacement between three beacons with respect to an AGV.
This 1s calculated using an algorithm derived from the
triangulation theory. Once the navigational position has
been determined these values are implemented in the guidance
and sent to the landbase for position recognition and visual

near real-time display.

For an AGV to navigate effectively a multi-beacon environment
should be 1implemented. This would prevent potential
obstructions such as equipment or personnel from influencing
the navigation. Obstructions that block the light from
.reaching the receiver interfere with the system’s ability to
implement the proposed computational method for position

definition.
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AGV
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~
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Figure 4-3: Diagrammatic Representation of Navigational
System

4.5 Hardware Design and Construction

Prior to any navigational hardware construction it was

necessary to design and test the infrared transmitter and
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receiver circuitry. This is because variables such as range,
interference, transmitter mark space ratio, response time and
transmitter drive current had to be established. Once the
design proved to be viable for the intended application, the
onboard AGV navigational apparatus including the stepper

motor driver circuitry, frequency decoder circuitry and

motherboard interface was then designed and implemented.

4.5.1 Infrared Signal Encoding and Transmission

A high power infrared transmitter (Part Number: TSUS 5402,
Spectratech, 1992) was chosen for the transmitter beacon
light source. A spectrally matched infrared receiver (Part
Number: IS 471F, Spectratech, 1992) was selected for the
infrared receiver beacon. This selection allowed for the
receiver to react only when energized with the correct
wavelength of 1light. Of note, 1s the wavelength of
transmitted and received light falls into a narrow band
ranging from 980-1020 nanometres which 1inhibits other
wavelengths of light from interfering with the receiver. To
reduce interference even further the receiver module only
accepts incoming light when the light beam is pulsed at a
frequency of 38 kHz. A 5 KkHz bandwidth is permitted for
variances such as temperature drift. When the infrared
receiver accepts incoming light at the correct wavelength of

1000 nanometres pulsed at 38 kHz it produces a 5 volt steady
state output.

For beacon identification, a unique 1lower frequency was
modulated onto the 38 kHz excitation frequency. This
resulted in each beacon transmitting spectrally matched light
with a base frequency of 38 kHz and a unique lower frequency.
The unique frequencies chosen for this application and which
identify each beacon individually were determined from
calculation. These values were constrained by factors

influencing the receiver module and decoder circuitry (see
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Appendix II). The resultant values were 600 Hz, 500 Hz and
420 Hz. The 38 kHz astable timer output had a 10 percent
duty cycle. This output sourced the gate of a mosfet which
in turn switched an infrared transmitter diode. The effect
being that the infrared transmitter was energised for only
10 percent of the time. This was configured to comply with
the constraints specified for the emitter diode. Although
a maximum of 100 milliampere average current is allowed to
pass through the diode, a repetitive peak current of 3
amperes maximum can be endured for short durations of this
pulsing time. Workingiwithin these boundaries the circuitry
energised the emitter diode for 10 percent of the duty cycle.
During this 10 percent duty cycle, 1 ampere flowed through
the diode which resulted in an average diode current of 100
milliamperes. To achieve this high current pulse, the output
from the timer sourced the gate of a P type mosfet (IRF520)
and this energised the LED through a limiting resistor,
resulting in 1 ampere on current. This high current enabled
the infrared LED to transmit a more intense pulse of light
which improved the permissable transmission distance between
transmitter and receiver. To achieve this pulsing
configuration two 555 timers were wutilized (National
Semiconductor Corporation, 1988). The one operates in an
astable mode with the output oscillating at 38 kHz. A
separate timer with a unique frequency associated with each
beacon was connected to the reset of the 38 kHz astable timer
(see figure 4-5). This compounded output sourced the gate
of a mosfet which in turn supplied the infrared LED with a

current of 1 ampere. The resultant emitted light waveforms
can be seen in Figure 4-4.
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4.5.2 Infrared Signal Reception and Decoding

An infrared receiver and filter packaged complete with
integrated circuitry (Part Number: IS 471F, Spectratech,

1992) was used as the receiver module. This module is
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supplied with a focusing lens. The package incorporates full
processing circuitry. The specification states that the
photo-transistor contained within the receiver module was to
be excited with incoming light that specifically comprised
a 1000 nanometres wavelength. The infrared photo-transistor
signals are filtered internally with a band pass filter.
This filter is configured with a centre frequency of 38 kHz
and a 5 kHz bandwidth. Incoming 1light signals with
frequencies ranging from 36 kHz to 41 kHz produce a resultant
output logic signal (Spectratech, 1992). A maximum decoding
time of 800 microseconds is specified. This decoding time
is the most influencing factor concerning navigational
accuracy and positional data accumulation rate. This value
determines the maximum unique beacon frequencies permitted.
From this the minimum overall unique beacon frequency

decoding time may be calculated (see Appendix II).

Whenever, the infrared receiver module faces an infrared
emitter beacon it is energised by the emitted compound light
waveform. The receiver module filters the superimposed
carrier frequency component from the composite 1light
waveform. This results in filtered receiver module output
signals comprising solely of the unique lower beacon
frequency component. The signal conditioning within the
infrared receiving module is completed. Each transmitter
beacon has a separate associated decoder onboard the vehicle.
National IM567 decoders were selected and each configured to
demodulate a unique beacon frequency. A bandwidth for each
unique excitation frequency was chosen. The bandwidth span
adopted was 10 percent of the excitation frequency. The
specification of the IM567 allocated a maximum number of
cycles for the decoder to lock onto its pre-configured
frequency (National Semiconductor Corporation, 1988). For
a 10 percent bandwidth a maximum of 15 cycles is specified.
When an input frequency signal matched any of the pre-
configured decoder trapping frequencies, the resultant

associated decoder output changed from 5 volts to 0 volts.
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The decoder outputs were connected to interrupt ports of the
microprocessor which in  turn selected navigational
subroutines to be executed (see system software) . The
calculations in Appendix II indicate that the time taken to
identify each beacon influences the resultant angular
resolution and the rotational speed of the beacon. This is
detailed in the discussion of the proposed third navigational

system in chapter six.
4.6 oOnboard Navigational Hardware

The onboard mechanical hardware consists of a stepper motor,
a rotating housing which contains the infrared receiver as
well as gearing. The rotating housing is mounted on the
highest platform of the vehicle in order to avoid beacon
obstruction. This is located at the front of the vehicle on
the upper 1id of the enclosure containing all the
microprocessor and associated electronics. A stepper motor
is placed on the underside of the upper lid of the enclosure.
The rotating housing is connected through the upper 1lid via
a shaft onto a tooth gear. This gear is connected to the
stepper motor using a tooth belt. The rotating housing
contains the receiver module. Emitted signals are only
received into the module when the module is facing directly
towards the beacon. This is achieved using two parallel
plates 300 millimetres long, 4 millimetres in width and
painted mat-black to avoid reflective light readings. The
parallel plates are connected vertically onto the rotating
housing. The housing is sealed from all light interference
except from that entering the vertical slit. This restricts
light rays on the horizontal plane, but it is insensitive to
light in the vertical direction. This allowed for a
variation in the vertical height placing of the transmitter
beacons. A diagram indicating the design of the rotating
receiver is presented below.
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Figqure 4-6: Diagram of Rotating Beacon.

Photograph 4-1: Photograph of Rotating Beacon




77

The housing is constructed of aluminium to reduce the inertia
problems which occur with slow moving stepper motors. The
inertial effects are exaggerated further due to the backlash
when the direction of rotation is changed. Although inertia
does not cause the motor to miss a step, it does result in
a vibration of the receiver housing and consequently,

inaccuracies in the measured angle.

Three wires are fed through the centre of the driver shaft
of the rotating housing. Two of these wires are used to
power the receiver, namely +5 Volts and 0 volts. The third

wire supplies the received signals to the decoder board.
4.6.1 Stepper Motor Circuitry

Four output ports drive the stepper motor directly through
transistors in a unipolar fashion. The system is initialised
by an optocoupler which is interrupted by a metal tag mounted
on the rotating housing. The signal from this optocoupler
is supplied to a microprocessor port. The system 1is
initialised by slowly rotating the housing with the aid of
the stepper motor until the optocoupler is interrupted. This
interruption occurs when the rotating housing is facing

directly to the front of the vehicle. Once initialised, the

stepper motor rotates the housing 360° in a
clockwise/anticlockwise direction, preventing excessive
twisting of the connecting wiring. The 0.5 ampere, 200

pulse/rev stepper motor 1is driven from 12 Volts through a
4.7 1limiting series resistor and four darlington transistors
in a unipolar configuration. It is considered that a more
complex stepper motor driving circuitry system is unnecessary
for this relatively simple application. Each of the four
motor poles are driven by separate 8255 output ports from the
microprocessor. ~ These output port signal 1lines are
internally current 1limited to 20 milliampere and are
connected directly into the base of each transistor. TIP 120

transistors were selected to drive the stepper motors. These
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transistors have a specified current gain of 1000 resulting
in a maximum saturation current of two amperes. This
adequately covered the stepper motor current requirements
which were 0.5 ampere driving current (current limitations

were set by the 4.7Q limiting resistor).

The stepper motor coil resistance was measured to be 50 and
the series impedance resistor of 4.7Q was selected. This
resulted in a steady impedance of 9.7Q. The resultant
maximum steady state current was 12/9.7 = 1.24 ampere. These

calculations are based on Ohm's Law:
ohms = volts / amperes . . . . . Egn 9

It should be noted that this current cannot be realised as
the motor is constantly in motion, the effect being that the
resultant impedance of the system is consistently far greater
than 9.7Q. Flyback diodes are connected across each motor
coil winding to ensure transistor over-voltage protection.
This 1is clarified in the schematic diagram of the stepper

motor driver-circuitry configuration.
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Fiqure 4-7: Schematic Diagram of Stepper Motor Driver-
Circuitry




79

Photograph 4-2: Photograph of Stepper Motor and Decoder

circuitry

4.7 System Software

Two hundred pulses are required for one stepper motor
revolution. The tooth belt gear ratio chosen is 3.6:1 and
this results in a 720 pulse/revolution configuration or 1
pulse/0.5°. The program produces sequenced pulses to four
output ports which consecutively drive the stepper motor
windings. For each stepper motor output pulse, the program
increments an internal counter. The ports are set high in
a repetitive sequenced fashion. Each pulse increments the
motor one step. In this manner the counter monitors the
angular direction of the rotating housing. An accuracy of
0.5° is determined by the value of the counter because each
pulse is equivalent to 0.5°. When the counter reaches the
value 720, this indicates that one full revolution has
occurred. At this stage, the pulsing sequence is reversed.
This changes the direction of the stepper motor and rotating

housing respectively. The counter value is then reduced in
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value until the value zero is reached. The process is then
restarted. Most of the program time is consumed by this
driving sequence. This has proved to be problematic as the
remaining processing time is limited and the program cannot

perform all the other necessary functions.

To identify each beacon individually a separate interrupt is
connected to each LM567 decoder. Each of these decoders are
configured to identify their associated beacon pulse
frequency. The INTEL 8088 microprocessor 1is able to
distinguish which decoder has been activated through its
ability to differentiate between the different interrupt
signals. The separate interrupt inputs have distinct
subroutines. Each interrupt is associated with an individual
decoder and subroutine. This association permits each
transmitting beacon to be 1linked with its predefined
subroutine which contains data of the specific beacon's co-
ordinate location. When the rotating receiver beacon faces
a transmitting beacon the corresponding decoder interrupts
the program. The associated subroutine then records the
value of the incremental counter. This value, together with
its affiliated beacon, 1is stored. Once values for three
individual beacons have been stored, a subroutine is executed
to calculate the AGV's positional co-ordinates. This
calculated position is utilized in the guidance algorithms.
Furthermore, the data 1is output through the RS-232C

communications port and transferred using the modem-radio to
the landbase.
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Fiqure 4-8: Block Diagram of Signal Flow for the Navigational

System

4.8 System Performance

System accuracy is defined as the difference between the real
location and the navigational measured position of the AGV.
When determining static accuracy there are two variables to
consider. The first is the precision of the measured angular
displacement. This incorporates factors such as angular
resolution, time taken for the controlling microprocessor to
react to a beacon identification interrupt and the mechanical
inaccuracies of the system. The second incorporates the
position of the vehicle with reference to the beacons and
placement of the beacons within the working environment. To
determine a moving vehicle’s dynamic navigational accuracy
a further two interrelated factors must be considered. These
are the vehicle .speed which can be linear or rotational
movement and the speed of the angular rotating beacon. If
the navigational system is constrained to a slow rotational

beacon then a correspondingly slow vehicle speed is required.
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Similarly, a fast vehicle speed requires a corresponding fast
rotating beacon. The overall navigation performance can be

measured by a combination of these aforementioned variables.

4.8.1 sStatic Accuracy

The angular resolution of the system is defined as the
smallest angular displacement that may be recorded. To
analyze static accuracy of a working environment a
mathematical experimental model was constructed in the
following manner. Three beacons were placed equidistantly
apart in a 4 metre square working environment. An AGV was
placed at the epicentre of the three beacons. The stepper
motor had a resultant angular resolution of 0.5°. Given
these conditions the best possible resolution that can be
attained is 23 millimetres in the X-direction and 46
millimetres in the Y-direction. The calculations for a 0.5°
tolerance range 1is detailed in Appendix II. This

representation is given in the diagram below.
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Figure 4-9: Diagranm representing AGV Navigational Accuracy
Tolerances.
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Although this model depicts an acceptable linear variation
there are two other physical variances which influence the
triangulation calculations resulting in greater tolerance.
These are the position of the AGV with reference to the
working zone and the position of the beacons relative to each
other. The accuracy of the navigation system decreases when
a vehicle approaches the direct line between two beacons.
This is because the measured angle between the two beacons
with reference to the vehicle approaches 180° as demonstrated

below.

AGY Movanment

’

Beacon Beacon

i
180° .

/ Measured angles of beacons
with respect to AGV

Figqure 4-10: Representation of Measured Angles of Two Beacons

With Respect to AGV as it Passes Through 180°

Inspection of the resection algorithm reveals that the value
of TAN o 1is required for positional determination, where
alpha is the measured angle between the two beacons. The
value of TAN a as alpha approaches 180°, tends to zero.
Investigating the resection formula reveals that the values
of TAN ¢ are used in the denominator of the equation. As the
denominator approaches =zero the resultant value of the
equation approaches infinity. Due to the nature of computer
floating point arithmetic procedures, large numbers are
truncated leading to inaccuracies. Likewise, if the measured

angle between two beacons 1in relation to the vehicle
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hes 0° then the same computational problems arise.

approac

Based on these considerations an ideal beacon placement and

the resultant AGV working zone is demonstrated.

WORKING ENVIRONMENT
BEACON B [

' AGV WORKING

AGV WORKING orr

ZONE K

T
BEACON A \ ‘ / BEACON C

NON-NAVIGABLE ZONE

Fiqure 4-11: Diagrammatic Representation of AGV in a Three

Beacon Working Environment

It is sometimes required that an area outside the three
beacon triangle is needed for a navigation 2zone. If the
working environment is not 1large enough to expand the
placement of the beacons then the navigational zone is
restricted. Under these circumstances, the implementation
of a four beacon system could be considered. Extra
programming would discard a beacon as the measured angle

between two beacons with reference to the AGV approaches
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180°. Given these conditions the program would utilise the

fourth beacon as required.

In the four beacon environment displayed below the non-
navigable area occurs where the AGV falls in a direct line

between beacon A and B and at the same time falls in a direct

line between beacons C and D.

BEACON B BEACON C
AGV WORKINQ
ZONE
AGV WORKING / . AGV WORKING
ZONE < ZONE
Y A/
/N
AGV WORKING
> ZONE
BEACON A BEACON D
NON-NAVIGABLE ZONE

Fiqure 4-12: Diagrammatic Representation of AGV in a Four

Beacon Environment

In a working environment it is possible that at any one time
a beacon may be obstructed from direct line of view of the
AGV. These obstructions could be due to a machine, other
AGVs or people. This situation gives rise to a further need

for a multi-beacon system to be implemented.
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4.8.2 Dynamic Navigational Accuracy

Cbntrary to static navigational performance when considering
dynamic navigational performance, the vehicle speed and time
of beacon rotation must be taken into account. If a vehicle
is stationary, then the time for the navigational apparatus
to accumulate the angular displacements between the beacons
does not have to be taken into account. Alternatively, when
a vehicle is moving, the indeterminate navigational position
and the angular displacements between beacons are continually
fluctuating. This'sdggests that the longer it takes to
accumulate the three angular displacements between beacons,
or the faster the vehicle is moving, then the greater the
resultant navigational inaccuracies will be. As discussed
above it 1is clear that the two variables are directly
associated to the dynamic accuracy for the navigation of an
AGV. Therefore a formula was derived which can be directly

applied to the dynamic accuracy of the system:

D A (M) =V § (M/SEC) * T (SECS)* """ *errmmreecnosennrsannnn Egn 10

Where: D A = Dynamic Accuracy,
V S = Vehicle Speed,
T = Time to accumulate data is measured in sec

This formula can only be considered as an estimate of dynamic
accuracy. Other factors that could influence the
navigational algorithm are variances in the dynamic measured
angle. These variances arise when the vehicle attempts to
accumulate navigational data while moving. During this
motion the relative angular positions of the beacons change
with respect to the vehicle. An analogy can be made between
this and taking photographs of surroundings from a moving
vehicle. When taking the photograph with a slow aperture the
resultant picture will look blurred; The use of a fast
aperture results in a more defined picture. This is as a

result of the shutter speed being relative to the speed of
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the vehicle. This is analogous to the navigational system
implemented in this research where the AGV speed is relative

to elapsed time for positional data accumulation.

When determining overall navigational accuracy of a moving
vehicle the dynamic and static accuracies should be added
together. The dynamic navigational formula is implemented
on the graph below. A theoretical graph depicting static and

dynamic accuracy as a function of linear speed is displayed.

Navigational Accuracy (distance)
1.0

0_8 ...................................................................

0.0
00 01 02 03 04 05 06 07 08 09 1.0
Speed (velocity)

Graph 4-1: Representation of Navigational Accuracy as a

Function of Linear Speed

4.8.3 Factors influencing Static Accuracy of System 1

Static trial tests were performed on the navigation system
revealing considerable inaccuracies. These inaccuracies
resulted mainly from the manner in which the hardware and
software apparatus functioned jointly. The most significant
errors revealed in the trial tests resulted from the slow

response of the decoders as well as the delay time for the
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INTEL 8088 microprocessor to react to an interrupt signal.
As can be seen in Appendix II the resultant maximum decoding
time was 35.7 milliseconds. The beacon rotated at
0.143 revolutions per second (1 revolution/7 seconds) and
covered an angular displacement of 1° in 19.4 milliseconds.
The measured time to service an interrupt request ranged from
3 to 65 milliseconds with an overall average of 40
milliseconds. The overall effect of using a beacon rotation
speed of 1 revolution per 7 seconds resulted in an angular
resolution of 4°. The maximum angular error reading of 4°
was applied to the ideal model displayed below. Theoretical
calculations presented in Appendix II indicate the tolerance
limits expected when implementing a navigation system with
these criteria. The results from this analysis indicate a
linear resolution in the X~-direction to be 193 millimetres
and in the Y-direction to be 370 millimetres. It should be
noted that this is merely an indication of the resolution
attainable. Factors already mentioned, such as, position of
the beacons, position of the AGV and beacon rotational speed
all alter this end result. Below 1is a diagrammatic
representation depicting the angular variances measured from

the AGV with respect to each beacon.
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Fiqure 4-13: Diagram of the Angqular Variances Measured from

the AGV with respect to each Beacon.

This navigational solution was applied utilizing a relatively
slow rotational beacon speed and resulted in poor static
accuracy. As a result of these poor readings dynamic
accuracy was not investigated. The navigational solution of
this research 1is not to be 1limited to a laboratory
application but is to be employed for use on AGVs within a
larger manufacturing environment. In conclusion, these
inaccuracies rendered this system inappropriate in its
present form for application in a manufacturing environment.

Therefore, it was necessary to investigate variations on this

system.

Application of this navigational system revealed that optical
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triangulation could result in a viable navigation system for
free-ranging AGVs within the manufacturing environment. From
this basis a second navigational system was developed. The
main objectives defined here were to implement a system which
would have a rapid data accumulation rate (1 second) while
still maintaining acceptable accuracy tolerance limits

(angular resolution of 0.5°).

System two which is proposed in this research application
required extensive investigation. It is therefore more
appropriate to discuss this application separately. Chapter
five contains a detailed explanation of the experimental

research and navigational results of system two.



91

CHAPTER FIVE
NAVIGATIONAL SYSTEM TWO

5.1 Introduction

In this chapter an original infrared triangulation system
with high dynamic accuracy, long range and low cost is
proposed. The development of system two reveals that many
of the shortfalls experienced in system one have been

overcome.

The attainment of acceptable accuracy would validate the
proposed concept of navigation which incorporates infrared
in the triangulation technique. It was considered that
acceptable measurement tolerances could be attained by
utilizing the same concept of triangulation as implemented
in system one. The factors most influencing accuracy when
considering static navigation are the precise measurement of
the angular displacement. It was proposed that by
implementing a rotating infrared transmitter and having
stationary receiver beacons certain resolution problems

experienced in system one could be resolved.
5.2 The Design Criteria of System 2

Taking into account the difficulties experienced in
system one certain design prerequisites were specified for
system two. The first criteria was that the system’s total
angular resolution had to be at least 0.5°. To achieve
dynamic accuracy, the positional data accumulation had to be
acquired without the AGV traversing a large 1linear
displacement. The resultant effect is that a faster rotating
beacon speed is required. For a vehicle speed of 0.1 metres
per second a positional data accumulation rate of one co-
ordinate point per second was found to be acceptable.
However, certain complications occur when attempting to

implement an increased rotating directional beacon.



92

Associated with a rapid directional rotating beacon, is a
shorter exposure time between infrared transmission and
receiving. The outcome is either a faster data transfer rate
being required or less data being transmitted. System two
effectively reduced the necessary amount of data to be
transferred. This implied that similar conventional infrared
components and circuitry could be implemented. The infrared
receiver initially chosen (Part number: IS 471F, Spectratech,
1992) was effectively implemented in System two. The
response time of 800 microseconds proved effectual in this

application.

Using the above-mentioned strategy, system two was developed.
This validated the accuracy and functionality of implementing
infrared light in the concept of triangulation. It was
decided to implement a rotating infrared transmitter and
fixed stationary infrared receivers. This resolved the
predicament of each beacon requiring an identifiable
transmission signature as was the case in system one. This
occurred as each activated receiver beacon could be
identified individually by the controlling computer. The
controlling computer could then associate each beacon with
its corresponding co-ordinate position. Through eliminating
the unique superimposed beacon frequencies the receiver
response time could be reduced to a maximum identification

time of 800 microseconds.

The activation of these beacons functioned in the following
manner. Upon a stationary receiver beacon being energised
with infrared light from the rotating transmitting beacon,
a signal was sent to a unique CAP input port. The beacon’s
co-ordinate locations were specified together with their
associated input ports. When an input port was activated the
specific beacon’s 1location, together with the precise
duration time recorded from the previously activated beacon,
were stored. This stored data was used for computational

calculations of positional determination. The angular
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displacements between the beacons with reference to the AGV
were calculated. This was accomplished by utilizing the
precise measured time between activation of two beacons and
multiplying this time by the velocity of the rotating

transmitter beacon.
5.3 Hardware Design and Construction

The onboard navigation hardware consists primarily of a
stepper motor, its driver circuitry and a rotating beacon
with its associated infrared transmitter circuitry. The
offboard navigation hardware consists of three receiver
beacons, timers and interface circuitry. The offboard and
onboard computers perform the navigational calculations and

data transmission necessary for navigation.
5.3.1 Stepper Motor Driver Circuitry

A 0.5 ampere, 200 pulses per revolution stepper motor is
driven from a 12 volt supply. A 4.7Q resistor limits the
current passing through the stepper motor windings. Each
pole of the stepper motor windings is driven through separate
transistors which switch these separately in a unipolar
fashion. A 555 timer/oscillator is configured in an astable
mode and supplies a constant 720 Hz pulse train. A cmos 4035
shift register converts these pulses into four separate
outputs (Harris Corporation, 1992). This occurs 1in a
sequential fashion. The shift register drives the stepper
motor windings through TIP 120 darlington transistors
(Towers, 1985). The cmos 4035 has the properties of internal
current 1limiting. The output current 1is 1limited to 20
milliampere and therefore the transistor saturation current
and motor current remains as described in section 4.6.1

(Harris Corporation, 1992). A schematic diagram of this
circuitry is shown below.

This predefined frequency configures the stepper motor to a
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constant rotational speed of 3.6 revolutions per second. A
toothed belt drives the rotating beacon through a ratio of

3.6:1. This results in a rotational beacon speed of

1 revolution per second.
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TiP120 4 7 Onm
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STEPPER MOTOR
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Fiqure 5-1: Schematic Diagram of Stepper Motor Driver and

Control

5.3.2 Infrared Transmission

The infrared transmitting circuitry is located inside the
rotating transmitting beacon onboard the AGV. As the beacon
constantly rotates, two slip-rings are provided between this
and the AGV. Power is supplied via these slip-rings to the
rotating circuitry. A 38 kHz pulse train is generated inside
the rotating housing using a 555 timer. These pulses drive
an infrared emitter (Part number: TSUS 5402, Spectratech,
1992). A power mosfet (IRF 520) is implemented to supply the
high on current required for powerful infrared emission. The

resultant pulsed wave form excites the infrared emitter with
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an on current of 1 amp within a 10 percent duty cycle. A

schematic diagram of this circuitry is shown below.

This emitted beam 1is focused into a vertical plane
approximately 4 millimetres wide. The resultant emitted beam
is 4 millimetres wide with a vertical emission angle of 25°
from the horizontal plane. This allows for a variation in
the vertical height placements of the beacons with respect
to the AGV. The resultant vertical infrared light plane has
a rotational speed of 2 7 radians per second (1 revolution

per second). This plane activates the beacons when facing
directly towards them.
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Figure 5-2: Schematic Diagram of Infrared Transmitter
Circuitry
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Photograph 5-1: Photograph of Infrared Transmitter Circuitry

5.3.3 Infrared Receiver Beacons

Four infrared receivers and filters (Part number: IS 471F,
Spectratech, 1992) were implemented as stationary receiver
beacons for the purpose of receiving and decoding infrared
light. One of these receivers was utilised as the rotating
receiver beacon in system one. An explanation of the
circuitry was detailed in section 4.5.2. Similarly, incoming
light signals with frequencies ranging from 36 kHz to 41 kHz
produced a resultant output 1logic signal. The maximum
decoding time of 800 microseconds is the predominant delay
affecting this second navigation system. The result is a
considerably faster response time for angular measurement.
The response time being 800 microseconds for the decoder
circuitry and 85.3 microseconds (see section 5.3.4) for the
resolution of the timers. For a beacon rotation speed of
1 revolution per second the resultant theoretical system
angular resolution is 0.319°. Refer to Appendix II for

calculations.
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The receiving beacons are placed at predetermined fixed
locations within the AGV environment. The modulated rotating
light plane located onboard the AGV activates the receiver
beacons when facing directly towards them. Upon activation
a signal is sent from the receiver beacon to the interface
circuitry. The interface circuitry measures the precise time
between beacon activation. These measurements are then input
to the CAP, converted to angular displacements and used for

positional determination.
5.3.4 Timer Circuitry and Computer Interface

External timer circuitry is required to accurately monitor
the time taken between each beacon activation. Using
external circuitry precise time measurement may be monitored
without relying on internal computer timers and computer
interrupts. These can cause time measurement delays as
explained in section 4.8.3. The external timers used in this
application were contained in an Eagle Electric Multi I/O
add-on card. This plugged directly into the 8086 motherboard
bus. The card offers 48 I/0 lines and 3 external timers.
Each timer has its own software or hardware programmable
configuration. The first timer is used as a 2" divider.
This divides the computer clock frequency from 12 MHz to
11.71875 kHz. This is then the base timer counter frequency
used. The effect is that the two remaining timers count a
frequency of 11.71875 kHz whenever their associated 4013
flip-flops are in a high state. Each of the four beacon
inputs are also directly coupled to separate input ports of
the I/0 card. This accomplishes the task of the computer
being able to identify each beacon individually (Eagle
Electric, 1991). The timer interface circuitry is configured
in the following manner. Four beacons are placed in an AGV
navigating environment. Each beacon has a unique defined
location with cartesian co-ordinates with respect to a known

origin. These beacon co-ordinate locations are stored in a
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navigational subroutine database and are used for AGV

positional determination as demonstrated in the resection

algorithm.

The following is an account of the sequenced logic used to
start, stop and reset the timers. The external timer
circuitry ’OR’s’ all the beacon signal input lines. This
function is achieved using a 4072 cmos 4-input ’‘OR’ gate
(Harris Corporation, 1992). Furthermore, each beacon has an
identifiable input to the timer interface circuitry. When
infrared light strikes a beacon a signal is sent to the
external timer circuitry. Upon any beacon activation the
output from the OR gate triggers a one-shot timer for 10
milliseconds. This allows sufficient time for the computer
to register the interrupt command signal. The interrupt
initializes a subroutine to interrogate the input ports and
determine which beacon has been activated. Each beacon is
individually identified. The first signal identified in this
process 1s labelled beacon one. This signal starts both
external timers. The second signal identified is labelled
beacon two and this stops the first timer. The third signal
identified is labelled beacon three and this stops the second

timer. Both time values are then input into the computer.

To determine the angular displacement between two beacons the
angular velocity of the rotating beacon is required. This
was predefined by the astable timer frequency output (720 Hz)
which pulsed the stepper motor. This maintained a constant
rotational speed of the rotating housing. The angular
displacement was therefore calculated by multiplying the
angular velocity by the time of activation between two
beacons. The following formula is implemented to determine

the angular displacement of two beacons with respect to the
AGV.

Angle (a) = speed of rotation (Q) * time (sec) . . Eqgn 11
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The nature of triangulation demands that a minimum of three
beacons must be identified for position recognition. The
angular displacements together with their specific associated
beacon locations were implemented 1in a navigational
subroutine. These values were utilized in an algorithm,
derived from resection theory. This determines the x, y co-
ordinate positions. The resultant vehicle co-ordinates are
transmitted via radio link to the AGV for use in the guidance
algorithms. The AGV position is superimposed on the

digitized map layout displayed on the CAP video screen.

On completion of this process the external timers are reset
in preparation for the same process of positional
determination to be repeated. A schematic diagram of the
circuitry used to interface the beacons, timer circuitry and

CAP 1is presented below.
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Figure 5-3: Schematic Diagram of Timer Controller

5.4 Results of AGV Navigation

Once a workable system had been constructed tests were

conducted to verify the practical implementation of the
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navigation system. The nature of guidance 1in this
application defined a course and fine guidance strategy.
Dynamic navigation is associated with a course guidance
strategy and static navigation with a fine guidance strategy.
Due to this definition, static and dynamic navigation tests
had to be verified separately. The angular resolution and
spatial resolution for static navigation are discussed
followed by a presentation of static navigational results.
The factors influencing dynamic navigation are examined
followed by a presentation of the dynamic navigation results.
In additioﬁ, repeatabiiity tests for a path definition are
presented. These results confirm a workable navigation
system that could have a direct application for free-ranging

AGV movement.
5.4.1 Angular Resolution

The angular resolution of a navigation system can be defined
as the smallest angular increment which can be measured. In
this research application the angular increment is dependent
on the accuracy and duration of the smallest timing increment
and the response time of the infrared receiver. Furthermore,
it is dependent on maintaining a constant angular velocity
of the rotating beacon. The timer frequency was set to
11.71875 kHz. The frequency input can be considered accurate
as it 1is based on the CAP clock frequency of 12 MHz.
Applicable to this navigation concept this frequency may be
considered precise. The variation of the angular velocity
of the rotating beacon was totally dependent on the astable
timer output frequency. This frequency was used to pulse the
stepper motor which maintained it at a constant velocity.
Although this frequency was initially set to 720 Hz, testing
revealed variations. The frequency output was monitored with
a frequency counter while subjecting the astable timer to
different ambient temperatures. These temperatures were
applied from 18° to 24° with a corresponding output frequency
varying up to 10 Hz. It was established that the ceramic
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timing capacitor which was initially chosen for the astable
timer circuitry was unsuitable. This was later replaced with
a polycarbonate capacitor chosen for its properties of
excellent temperature stability. The capacitor stabilized
the output frequency rendering it far less susceptible to
temperature changes. Once these tests were completed the
frequency outputs from both the CAP crystal oscillator and
the astable timer could be considered to be precise for this
application. A theoretical angular resolution could now be
established. The timer input frequencies were set at
11.71875 kHz resulting in an increment period of
85.3 microseconds. This period was the resultant smallest
timing increment. Applying this delay period and the
response time of the infrared receiver a resultant angular
resolution of 0.319° was determined. These calculations are

presented in Appendix II.

The prerequisites laid out in this research in section 4.8
stated that if an angular resolution of 0.5° could be
attained then acceptable static navigational tolerances could
be realised. Applying these criteria to the above results
determine that the resultant angular system resolution is
acceptable. This is assuming that all other influencing
factors are negligible by comparison. Verification of these
practical results 1is demonstrated graphically in the

following sections.
5.4.2 Overall sStatic Navigational Accuracy

The available working area specified for the AGV measured
4 metres by 4 metres. To validate the static navigation
accuracy ten location points were chosen within the AGV'’s
working area. At each of the locations ten independent
static co-ordinate readings were taken using the navigation
system. Each of the co-ordinate points was stored in a data
file in the CAP. Considering the one hundred co-ordinate

points taken, the following may be deduced. The maximum
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deviation error from the known static AGV location (worst
location case) was 29 millimetres in the X-direction and 81
millimetres in the Y-direction. The minimum deviation error
from the known static AGV location (best location case) was
5.9 millimetres in the X direction and 3.9 millimetres in the

Y direction.

The co-ordinate positions were plotted graphically. Each of
the co-ordinate data points representing the navigational
positions are displayed on the graph. From this graph, an
indication of accuracy‘as well as navigational repeatability
can be ascertained. The consistency of each measured
position compared to the theoretical position of the
stationary AGV is indicative of static navigational
repeatability. This is detailed in the discussion in chapter

six.

Y-axis (metres)
4.000 — -

3500 - % ........ ........ ........ .........

1000 1500 2000 2500 3.000 3.500 4.000
X-axis (metres)

Graph 5-1: Graphical Representation of Static Repeatability

at Various Positions within the AGV Navigation area
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Once the overall static navigational accuracy had been tested

further analysis into the spacial resolution of each co-

ordinate position was investigated.
5.4.2 Static Navigational Spacial Resolution

Navigational spacial resolution is defined as the maximum
tolerance of the navigation system. This tolerance value can
be attained through measuring the maximum deviation of
multiple recorded navigational readings when taken from the
same physical co-ordinate position. The spacial resolution
is consisted of the combined inaccuracies of the system.
These include the control resolution and errors originating
from the dynamic interaction of the AGV within its
environment. Many factors can be attributed to these
inaccuracies. A major influence being the total angular
resolution of the navigation system. This encompasses errors
stemming from temperature affecting the stepper motor dff;er
electronics. The effect of this temperature change alters
the rotating beacon speed. It should be noted that this
source of error has largely been reduced in the electronic
drive circuitry. An additional error originates from the
truncation of arithmetic floating point calculations. This
truncation results in navigational inaccuracies which occur
due to the limitations of the microprocessor in dealing with
large floating point numbers when performing arithmetic
calculations. These miscalculations are amplified whenever
the angular measurement between two beacons with respect to
the AGV approaches 180°. This occurs because the
trigonometric tan function is implemented in the navigational
algorithm. The value of this function approaches zero as the
value of the measured angle approaches 180° resulting in the
resection formulae calculations approaching infinity (see

section 4.8.1).

Two co-ordinate points were measured within the AGV

navigation environment. For each test conducted the centre
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of the AGV navigation system was located on these measured
co-ordinate points. Eleven navigational co-ordinate readings
were recorded at each co-ordinate point. These co-ordinate
values were exploded onto separate graphs as is represented
below. It should be noted that the nature of the working
environment rendered it difficult to measure the precise real
physical co-ordinates of these location points. The reason
for this being that the difference between the theoretical
and measured co-ordinate points (i.e. navigational accuracy)
was less than the variance between the physical walls and the
theoretical co-ordinate axes. This is explained

diagrammatically in Figure 5-4.

Theoretical axes -------

Physical wall —_—

Figure 5-4: Diagrammatic Representation of Co-ordinate

Measurement Errors

Once this system proved to be functional under static
navigation conditions it was necessary to ascertain its
practical ability when subjected to dynamic working
conditions. In determining dynamic navigational accuracy
there are two relevant factors to consider. These are the
speed of the vehicle and the time taken to assimilate a
navigational data point. Tests were conducted monitoring the
dynamic movement of the vehicle by plotting its navigational
points along its path of movement.
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5.4.3 Navigational Data Accumulation Rate

The data accumulation rate is dependent on the speed of the
rotating turret (one revolution should result in one set of
co-ordinates). For the first navigation system the speed of
beacon rotation was 7 seconds. This speed gave the decoder
enough time to interpret a transmitted signal. The second

system had a turret rotation speed of 1 revolution per

second. This resulted in a data accumulation rate of
1 reading per second. The vehicle’s maximum velocity was
10 centimetres per second. Referring to equation 10

indicated that the resultant dynamic accuracy was 10
~ centimetres at maximum speed. This formula is based on the
assumption that a navigational reading is accumulated on
completion of a revolution. However, in practice a
navigational data point is accumulated in less time than the
full revolution of the rotating beacon. For this reason the
dynamic tolerance of the navigation system should be less
than the value determined by equation 10. Further tests were
carried out employing a faster rotating beacon. These tests
showed promising results. It was found that at a range of
5 metres between infrared transmitter and receiver, the
rotating beacon speed could be reduced to half a second per

revolution.

A test was carried out to investigate the decrease in dynamic
accuracy corresponding to an increase in vehicle speed. Two
similar paths were traversed by the AGV. One at a speed of
0.03 metres per second, the other at a speed of 0.1 metres

per second. The correlation coefficients of these two routes

were then compared. The resulting slow correlation
coefficient was 0.992 and for the faster speed a lower
correlation coefficient of 0.980 resulted. This 1is an

indication that the dynamic accuracy decreases with an

increase in speed as confirmed by equation 10.
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Graph 5-4: Comparison of Navigational Co-ordinates for

Velocities of 0.03 m/sec (slow) and 0.1 m/sec (fast).

5.4.4 Dynamic Navigation Repeatability

Dynamic navigation repeatability is defined as the measure
of repeatability to which the navigational system maps path
co-ordinate readings. Tests were carried out to monitor AGV
movement along a predefined route. Three AGV paths were
chosen within the navigation working area. The vehicle
traversed each of these paths three times and the
navigational co-ordinate positions of the vehicle movement
were plotted for each path. This was accomplished for a
speed of 0.03 metres per second. The effect of a faster
speed of 0.1 metres per second was then investigated. In
practice it was difficult for the AGV to traverse the
identical path in the same manner. This difficulty is
indicated by the fact that the AGV plotted a different path

for each route. Upon referring to Graph 5-5 the correlation
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coefficients for the navigational recordings for three AGV
traverses while travelling at 0.03 metres per second are
0.992, 0.988 and 0.989. The correlation coefficients of the
three faster navigational readings of 10 centimetres per
second resulted in lower values of 0.973, 0.980 and 0.960.
This 1is an indication that the navigational resolution

decreases with an increase in speed.

Linear Y movement (metres)

= Series 1
+ Series 2

* Series 3

0 T T T T

0 0.5 1 1.5 2 25 3 3.5 4
Linear X movement (metres)

Graph 5-5: Graphical Representation of Dynamic Repeatability
(Velocity 0.03 metres/second)
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Graph 5-6: Graphical Representation of Dynamic Repeatability

(Velocity 0.01 metres/second)

5.4.5 Dynamic Navigation Inaccuracy

Dynamic navigation inaccuracy tests implemented a vehicle
speed of 0.03 metres per second. Three different paths were
traversed within the AGV navigation area. One of the paths
chosen to be traversed was through a direct line between two
beacons. As can be seen in the navigational results below
as the AGV approached this zone the resultant positional co-
ordinate readings became increasingly erratic. This 1is
evidenced from the discussion in section 4.8 which details

the occurrence of these computational errors.
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Graph 5-7: Graphical Representation of Three AGV Navigational

Co-ordinate Paths

5.4.6 Guidance Results

Once the navigational system had been verified practically
the guidance strategy detailed in Chapter 3 needed to be
tried and tested. A route was selected on the CAP screen and
downloaded via radio link to the AGV. The guidance strategy
was utilised onboard the AGV to manoeuvre the vehicle along
this route to the requested destination. The AGV followed
this predefined route at a vehicle speed of 0.03 metres per
second, whilst continually acquiring positional data points
from the navigational system. These data points were
received from the CAP via the communication 1link and
implemented in the guidance strategy. This AGV movement was
recorded using the navigation system and plotted graphically.
This procedure was undertaken twice and is represented
graphically below.
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Utilising the Guidance Strateqy

Y-axis (metres)
4
Bl +' . .FH_ ﬁﬁﬁ#%ﬁﬁ +++$ ..........
L ;
il i
0l o | oo
sy -
LI
; T + F
....................................................... ﬁ¥”.”.“”“
kg ﬁﬁﬁﬁ#%ﬁ i
00 0.5 1 15 2 25 3 3.5 4
X-axis (metres)

Graph 5-9: Graphical Representation of AGV Movement whilst
Utilising the Guidance Strateqy




112

CHAPTER SIX

6.1 Discussion

A discussion of the various aspects of this research
application is detailed. An explanation of the communication
system and its resulting functionality is presented and
interpretation of the navigational results are shown. This
includes an account of static and dynamic navigation. This
lays the foundation for the final discussion of guidance
results. Navigational data is implemented in effecting the

correct guidance procedure.
6.2 Communication

As stated by Litwin (1992) ‘the more exotic you make a modem
to improve its theoretical bit rate the less well it will
perform in noise, hence the greater communication overhead
required’. The choice of FSK for data transmission was
fundamentally the correct decision as it satisfied the
criteria of duplex wireless communication. However, an
improved modem design with a higher baud rate could prove
advantageous in some free-ranging AGV wireless communication
applications. The duplex communication developed in this
research functioned adequately for its specific application.
This duplex communication could be inapplicable in some
unusual circumstances. An example of this is when more than
ten vehicles are required to operate in a given area, or in
environments where interference may occur with radio
transmission. Given these conditions, specialized

communication techniques should be investigated.

A multipath propagation model specifically for in-building
communications and its application to AGVs has been
developed. This model developed by Rappaport and Seidel
(1989) investigates wideband wireless networks for AGV

communication. Their research focused on the simulation and
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effects thereof, of transmitter receiver distance and

receiver sensitivity (Rappaport & Seidel, 1989).

FM radio frequency as a wireless communication medium proved
effective and successful. The choice of VHF FM radio
frequency operating at 144 MHz as a carrier frequency
overcame problems of ’beyond direct line of sight’. This is
commonly associated with low frequency FM radio
communication. Reliable two way communication beyond direct
line of sight proved successful. Test data was transferred
over acceptable ranges and in typical manufacturing
environments. The test results obtained surpassed the
expectations defined at the outset of this research. The use
of VHF in obstacle penetration proved adequate for the
conventional application of AGVs. It is suggested that in
unusual circumstances of major obstructions between
transmitter and receiver, UHF as a communication medium

should be implemented.

In certain cases a higher baud rate could alleviate
communication congestion. This is especially the case where
high overheads are encountered from re-transmission requests.
It was found that the overheads increase when attempting to
transmit at the limits of the communication range. This is
because the transceivers consume communication time with re-
transmission request signals. As stated by Litwin (1992)
above, care should be taken not to over design a modem with
the aim of achieving a higher baud rate. Various other radio
communication procedures are available that can increase the
data transfer rate. One such available method is the ’spread
spectrum technique’.

The objective of the first communication test was to prove
that duplex wireless communication over acceptable
transmission ranges is possible and practical. The test
verified this possibility by transmitting and receiving over

a 400 metre span with error free data transfer. The second
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test confirmed the advantages of using VHF FM as a radio
medium for out of ‘direct 1line of sight’ two way
communication. The tests were conducted in conditions
similar to those of an AGV operating in an industrial
manufacturing environment. The AGV manoeuvred around
obstacles and machines going beyond the direct line of sight
of its respective communication transceiver. During this
operation 100 percent error free duplex communication was
achieved where the parameters of AGV movement were not more
than 40 metres. Test three subjected the communication to
adverse conditions. This data transfer occurred through a
total of 90 centimetres of cement and through two adjacent
laboratories. These tests were conducted over a range of
between 40 metres and 60 metres. A result was that the data
transfer integrity degraded rapidly with distance (declining
from 100 percent communicatioh at 40 metres to 52 percent at
60 metres). This is represented graphically in Appendix I.
In the final test duplex communication was subjected to
similar conditions to those conducted 1in test three.
However, this test added the extra interference of two
operating manufacturing machines. These machines were a Maho
CNC milling machine and a Boehringer Goppingen 15 kW lathe.
These machines had no noticeable effect on the communication

system.
6.3 Navigation

The use of infrared as a medium for navigational information
transfer within a manufacturing environment is possible and
advisable. No external interference is probable if correct
signal coding procedures are adhered to. An infrared
transmission range of 5 metres was used in this research
application. However, wutilizing the correct operating
procedures and careful selection of infrared transmitters,
longer ranges can be expected. Most infrared transmitters
supply the same power output and therefore the correct

balance between spectral angle and spectral transmission
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intensity must be chosen. The minimum spectral angle that
should be used is 50° in order to achieve sufficient floor
coverage. However, angles of up to 130° in infrared

transmitters are available (Siemens part number SFH 487 P-1).

The correct incorporation of infrared and triangulation can
result in an accurate navigation system for free-ranging
AGVs. From theoretical calculations it was found that, in
a 4 metre by 4 metre area, a maximum error tolerance of 0.5°
in angular measurement would result in a maximum deviation
in the X-direction of 23 millimetres and in the Y-direction
of 46 millimetres. This was based on a theoretical case
where the navigational measurement system was placed at the
epicentre of an equilateral triangle. Due to the resulting
large inaccuracies in angular measurement in system one the
development was rendered inadequate for free-ranging AGVs.
The theoretically calculated angular resolution of system one
was shown to have a maximum tolerance of 4° (for a rotating
angular beacon speed of 51.4 degrees per second) . This
resolution resulted in a possible linear tolerance in the X-
direction of a 193 millimetres and in the Y-direction of 370
millimetres. Although these tolerance levels are
unacceptable for free-ranging AGV navigation, the practical
test results were even more unsatisfactory and therefore
there was no point in recording these values. However,
experience in this field led to the development of system
two.

This system operated successfully under static and dynamic
working conditions. A data accumulation rate of one co-
ordinate position per second was achieved. A theoretical
angular resolution of 0.319° was calculated and this was
verified in practical results. The practical results for
static navigational accuracy are presented in Chapter 5. Ten
navigational points were selected and teﬁ readings were taken
for each point. The most favourable result was a maximum

navigation tolerance 1limit of 5.9 millimetres in the X-
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direction and 3.9 millimetres in the Y-direction (see graph
5-2). The worst result obtained for ten readings on a static
navigation point was 29 millimetres in the X-direction and

81 millimetres in the Y-direction (see graph 5-3).

From equation 10 the resultant theoretical dynamic tolerance
was 10 centimetres for a maximum vehicle speed of
10 centimetres per second and a navigational data
accumulation rate of one data point per second. This dynamic
tolerance value did not include factors such as the resultant
variation in angular measurement due to the movement of the
vehicle while attempting to accumulate a data point as well
as temperature instability effects. Even taking these
factors into account the dynamic tolerance reading did not
vary more than 10 centimetres. This can be attributed to the
fact that although the navigation beacon rotated at one
revolution per second the navigational positional reading is
completed after passing the third beacon. This is always
less than one second. This action resulted in a faster
positional data accumulation rate and hence better accuracy.
Tests were recorded for varying vehicle speeds. The decline
in dynamic accuracy with speed was verified by comparing the
correlation coefficients of a fast and slow moving vehicle
(10 centimetres per second and 3 centimetres per second).
The AGV traversed a path which converged on a point which lay
directly between two of the beacons. As the AGV approached
this point the navigational readings became erratic. This
verified the claim made in section 4.8.1 that inaccuracies
will arise as the AGV attempts to navigate along a path that
falls in a direct line between two beacons.

Finally, the navigational data readings were incorporated
into the guidance strategy. The AGV was requested to
manoeuvre along a given route and utilized the guidance
strategy in order to maintain its movement along this route.
The AGV path was plotted from the navigational readings and

this path was compared with each requested route segment.
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Due to the slow response of the vehicle drive mechanism,
larger inaccuracies than were originally conceived were
experienced. The maximum difference between requested route
and AGV path was 30 centimetres. From these results the
guidance strategy proved successful. However, improved
guidance algorithms should be investigated for efficient

motion control.
6.4 Conclusion

A free-ranging AGV was developed that incorporated the
concepts of radio communication, wireless navigation and a
guidance technique. A radio modem was designed, built and
successfully tested. Two way wireless radio data transfer
offered many more advantages than other wireless
communication links. It is therefore recommended for free-

ranging AGV communication.

Two infrared navigational techniques have been applied 1in
this research. The originality in this research is in
triangulation using infrared, as opposed to radio or
ultrasonic transmission mediums. Comparatively low levels
of interference were achieved with signal conditioning and
filtering. Original methods of beacon identification are

suggested to eliminate interference as well as incorrect

beacon identification. Two navigation systems were
investigated using infrared triangulation. The first
requires some improvement for practical application. The

second systems test results exceeded accuracy criteria while
still achieving the advantages of 1low cost, minimal
interference, ease of installation, adaptability and
maintaining acceptable range. The aim of this research was
not to design an AGV for operation in a multi-AGV
environment. A FMS usually requires more than one AGV for
materials handling. Given that this navigational system was
inapplicable for multi-AGV navigation, a third system is

suggested (section 6.5.1). This technique proposes the
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advantages of possible implementation in a multi-AGV
environment, however, careful design and possibly specialized
components may be required. The use of 1infrared
triangulation as a navigation technique and the
implementation of the methods suggested herein renders this
form of navigation system applicable for free-ranging AGV

operation.

The guidance algorithm was verified and test results
presented. Modification of the guidance algorithm is
suggested to achieve ‘efficient motion control. It is
considered that implementing the conceptual method of course
and fine guidance with this form of navigation will suffice

in most free-ranging AGV applications.

In conclusion a free-ranging AGV was built and tested.
During the basic guidance testing, AGV path tracking was
verified. The communication and navigation results prove
that this is a workable system that could readily be applied

to a manufacturing environment.
6.5 Recommendations for Further Work

6.5.1 System 3

System 1 proved unsuccessful when applied practically. It
was considered that the conceptual design would be workable
if improved functionality could be achieved. System 2
verified this supposition by fulfilling the requirements of
this research application. This was to develop an accurate
navigation system which is easily implementable, modifiable
and accurate being of low cost and having minimal
interference and long range. However, due to the shortfalls
experienced in the two navigation systems, a third system was

proposed which encompasses the benefits of the first two
systems.
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It is proposed that a universal system is developed that
incorporates the concepts of system 1, whilst still
maintaining the accuracy of system 2. System 1 suggests an
onboard positional co-ordinate determination system with many
advantages. The main advantage being that the navigation
system is located onboard the AGV and this eliminates the
problem of the CAP having to transmit navigational data for
each positional reading. This reduces the communication
overhead between the CAP and the AGV. Another advantage of
this system could be incorporated into a multi-AGV
environment with each vehicle being able to access the same

transmission beacons.

To achieve the accuracy of system 2, there are two major
upgrades that should be undertaken. The first 1s that
external stepper motor counters and drivers should be
employed. This would reduce the overhead of the computing
time of the onboard microprocessor as well as eliminate the
delay arising from the microprocessor servicing the
interrupts. If an 80C196 microprocessor 1is implemented
onboard the AGV, the onboard timers incorporated in its
circuitry could be implemented (section 6.5.2). This update
could monitor, as well as drive, stepper motors. In
addition, a precise angular stepper count could be maintained
as well as 1immediate stepper motor angular rotation
interrogation. This system would not have to rely on the
slow responses of the interrupt experienced on the Intel 8086

microprocessor.

A high frequency response infrared receiver and associated
circuitry would also help to improve the decoding delay of
the composite received light signal. It is recommended that
a 350 kHz infrared carrier signal 1is used as a base
frequency. Investigating the calculations in Appendix II for
system 3, the utilization of this carrier frequency reveals
the following results. The maximum beacon frequency can be

increased to 11.5 KkHz. This system could then have a
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resultant angular resolution of 0.56° when subject to a one

revolution per second rotation speed.

Ccare should be taken when selecting the infrared receiver
because standard receivers tend to attenuate in this high
frequency range around 350 kHz. As the navigation response
is related to the dynamic navigational accuracy, a faster
infrared light pulse will result in faster capture and
decoder times and this would 1influence the overall
effectiveness of the system. Careful design procedures
should be adhered to when designing the infrared decoder
circuitry. An effective automatic gain adjust is needed to
respond to the varying strength of the infrared spectral
input as the receiver and transmitter vary in span. Infrared
transmitters are available with a 130° spectral angle. This
increases the available floor coverage for each transmitter
beacon but care should be taken that the spectral power
intensity is not reduced excessively. This would limit the
range between transmitter and receiver. It 1is considered
that with the correct design procedure a multi-AGV navigation
system incorporating accuracy and flexibility may be

achieved.
6.5.2 Onboard Microprocessor

It is recommended that the basic building block used as the
AGV microcontroller should be upgraded to one of the 80C196
Intel microprocessor family. These are 16-bit
microprocessors featuring standard onboard timers and D/A
convertors in the form of pulse width modulated outputs. The
implementation of this microcontroller would imply that the
onboard timers could be used for accurate navigational
measurement and the D/A outputs for implementation in
variable speed drive controller. The high processor speed
would overcome most shortfalls in arithmetic overhead, and
would allow sufficient computer power for overall vehicle

measurement. The power supply requirements could be reduced
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to a 12 volt and 5 volt supply, with the 5 volt supply
requiring less than 1 ampere for overall microcontroller
management. Intel’s new 87C196KD is a memory upgrade for the
existing 80C196 family featuring 32 kilobytes of onboard ROM
and 1 kilobyte of onboard RAM. The major drawback of this
microcontroller enhancement would be the loss of an easily
modifiable magnetic media. This is presently onboard the AGV
in the form of a floppy drive. To apply this proposal EPROM
emulators would be required, as well as a high level language

compiler (Chen, 1992).
6.5.3 The Modem

Normal working conditions revealed that communication
congestion was not a major concern. The initial baud rate
of 300 sufficed for AGV communication even though continuous
navigational co-ordinates had to be retransmitted to the
vehicle. It is considered that with an onboard navigational
system the AGV co-ordinate position would only have to be
transmitted periodically to the CAP. This would considerably
reduce the communication congestion, making more
communication time available. A consideration of these
factors reveals that increasing the baud rate to 2400 for a
multi-AGV transportation system would fulfil the
communication requirements. This form of communication would
suffice for up to 20 vehicles. 1In the uncommon case where
more than 20 vehicles are required, alternative communication
technologies such as packet radio and spread spectrum
transmission, should be investigated.

6.5.4 Guidance

Although it is felt that the basic concept of guidance used
in this research application would suffjice for most
manufacturing conditions, it is considered that an improved
motor control should be investigated. An algorithm

integrating the vehicle speed with navigational tolerance
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limits could enhance vehicle manoeuvring time. This
algorithm should be dependent on vehicle speeds, navigational
accumulation rate and navigational tolerance limits. Using
this proposed algorithm, the vehicle could gradually ’‘home
in’ on 1its desired co-ordinate position. This would
eliminate the present method of vehicle docking, whereby the
vehicle physically stops and takes a navigational reading

before moving to its end location point.

An algorithm interfacing the speed of the vehicle with its
corresponding deviation from its desired position should be
formulated. This would maintain a more efficient dynamic
positional accuracy for the vehicle with respect to the
desired route location. This could be further effected by
implementing improved control of the mosfet drive circuitry.
Using this optimal control, the velocity of each of the
Mecanum wheels could be precisely controlled. This control
would result in the vehicle being able to traverse in any

direction as requested by the guidance algorithm.
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APPENDIX I
A.1 A.G.V. Hardware Description

An apparatus description is detailed in order to form a basic
understanding of the working platform utilised in this

research application.
A.1.1 Vehicle Layout

The research laboratory autonomous AGV 1is a rectangular
vehicle with dimensions 98 centimetres by 58 centimetres and
has a mass of 64 kilograms. Four independently driven wheels
are placed 25 centimetres from each corner. These wheels are
omni-directional based on the Mecanum movement principle and
measure 14 centimetres in diameter (Dillman et al., 1988).
The wheel structure allows the vehicle to travel in any
direction specified by the user. This is accomplished by
varying the motor speeds and motor directions for each wheel
independently. Each wheel has an independent suspension,
preventing the transfer of excess stress to the vehicle due
to rough terrain. They are each driven with a 12 Volt d.c.
motor through a 1:5 gear ratio. Each motor delivers a
maximum of one newton metre when drawing 2.5 ampere. A top
speed of 70 rpm is attained from each motor resulting in a
linear vehicle speed of 10 centimetres per second. The
motors are driven via a d.c. mosfet chopper module. The
power requirements of the vehicle are satisfied with two

onboard batteries. The vehicle layout is show below.
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A.1.2 The Onboard Power Supply

The onboard power supply consists of a 12 volt 60 ampere-hour
lead acid battery and a 12 volt 6,5 ampere-hour gell cell
battery. The positive terminal of the gell cell is coupled
to the negative terminal of the lead acid battery and this
forms a centre ground rail. The negative of the gell cell
produces a negative 12 volt rail with respect to the vehicle
ground and the positive of the lead acid produces a positive
12 volt rail. These supplies are input into voltage
regulator circuitry to produce a resultant power supply of
+ 12 volts and * 5 volts (see figure Al-2). The onboard
power 1is used to drive a vehicle motherboard, moden,
transceiver, mosfet motor driver and navigational equipment,

including a stepper motor and infrared transmitter.

O- -O O- -O
Laad ACid battery Ge ! Call

60 ampera nour &§.5 ampers nour

Figqure Al-2: Block Diagram of Power Supply and Distribution

A.1.3 The Power Supply Board

The 12 volt rails are supplied directly from the batteries
but do have 2200 uF and 0.1 uF smoothing capacitors. The
positive 5 volt reference is achieved using a low power 5
volt regulator and this biases a power transistor (TIP127)

to supply 5 volts at a maximum of 5 ampere (Towers, 1985).
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The negative 5 volt supply uses minimal current (less than
100 milliampere) and therefore a low power negative 5 volt
regulator is used supplying a maximum of 100 milliampere.
These outputs satisfy all the vehicle onboard power
requirements. A schematic diagram of this regulation is

shown below.
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Fiqure Al-3: Schematic Diagram of voltage regulator

A.1.4 The Transceiver and Modem

For communication between AGV and the controlling landbase
a radio link is used. Both the radio and modem are located
in the main battery compartment, this is to minimise radio
interference with the motherboard (see figure Al-1). A
Faraday Cage is achieved by placing aluminum foil inside the
electronics compartment. The radio medium used 1is a
frequency modulated waveform on a 144 MHz band. This
frequency could be harmful to microprocessors if no Faraday
Cage is used to protect the processor electronics. The radio
operates on 5 volts and uses a maximum of a 100 milliampere,
which is supplied from the positive 5 volt rail. The
interface between the radio and the motherboard is

accomplished using a modem and is designed with a baud rate
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of 300 and communicates using the motherboard RS-232C
interface. The modem operates on 12 volts with a negligible
power consumption (less than 20 milliampere) and this power
is obtained from the positive 12 volt rail. Further supply
voltage smoothing is performed on the modem board to minimize

problems occurring due to interference. Communication is

covered in chapter two.
A.1.5 The Navigational Equipment

A stepper motor and infrared électronic circuitry are the
main components used in the navigation. Onboard the vehicle
the navigational equipment is located on the upper 1id of the
electronics housing, this is the highest point of the vehicle
and consequently is used as a viewing platform (see
figure Al-1). The stepper motor turns a rotating housing
while the microprocessor monitors 1its rotational position.
Navigational information 1is interfaced both with the
motherboard and the landbase computer. The navigation is

covered in detail in chapter four and five.
A.1.56 The Vehicle Motherboard

The onboard motherboard uses an 8086 microprocessor and 640
kilobytes of random access memory (RAM). It requires a +5
Volt 1 ampere supply for the motherboard to function. The
communications port, which is RS-232C, requires a positive
voltage between +6 volts and +15 volts and a negative voltage
between -6 volts and -15 volts (Leibson, 1989). Four output
ports from an 8255 interface chip drive the navigation
stepper motor, another four of these ports determine the
direction of the four d.c. motors that drive the vehicle and
one other drives a request to send (RTS) signal for radio
communication. Another output port determines whether the
motor should be on or off. An interrupt vector is utilised
for incoming radio communication signals and four others were

used in the initial navigation system. The program storage
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is achieved using magnetic media. When the motherboard is
powered up the magnetic media is automatically accessed and
the program loaded into RAM and executed. This program has
overall control of the vehicle monitoring and all the input

and output parameters.

Photograph aA1-2: Photograph of Main Electronics Housing
Onboard AGV
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Photograph Al-3: Photograph of Onboard Navigation System

A.2.1 Design and Construction of the Modem

The FSK tone generation is achieved using an Exar XR-2206
function generator integrated circuit. This is dedicated to
FSK modulation and offers attractive features for use in
radio medium modulation. The sinusoidal output waveform has
a total harmonic distortion of no more than 2.5 percent.
This means that rapid output voltage changes originating from
many modulator integrated circuits can cause frequency
harmonics on the carrier medium and this results in sporadic
errors when demodulating the signal. Due to the sinusoidal
nature of the output waveform the harmonic interference is
kept to a minimum (Exar Integrated Systems, 1978). The
circuitry offers excellent temperature stability and is
almost free of voltage dependent drift or distortion. These
are appealing features in AGV applications where d.c. motors
and their associated chopper power management techniques can
cause severe power rail distortion. The tone generator is

configured to output a low frequency of 1070 Hz for a low
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input binary signal from the computer and a high frequency
of 1270 Hz for a high input binary signal from the computer.
The schematic diagram applied to the XR-2206 is shown below.
The data input is applied to pin 9. A high 1level input
selects the high frequency (f, = 1/RI1Cl Hz) and a low input
level selects the lower frequency (f, = 1/R2C1 Hz).

9 1k
RESI15TOR
TuF
CAP = —
}—LJ
1c1 QN4 RES vaR
RESISTOR RES VAR

[ S
25K R3 RES VAR
qu—L
CAP

I

Figqure Al-4: Schematic of XR-2206 Modulator used in FSK Modem

The FSK demodulation is achieved using an Exar XR-2211

demodulator. This operates on the phase-locked-loop
principle. The centre frequency (f ), which falls midway
between the high and low frequency, is determined by the
formula: f = (1/R1C1l). The tracking range is the scope of
frequencies over which the phase-locked-loop can retain lock
with a varying input signal. This is determined by the
formula: QOf = (R1*f /R2). The capture range is fhe range of

frequencies over which the phase-locked-loop can acquire

lock. It is always less than the tracking range. The
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capture range is limited by €2, which, in conjunction with
R5, form the loop filter time constant. The damping factor
(1) determines the amount of overshoot or undershoot

available in the phase-locked-loop when there is a change in

frequency. It is determined by 1 = x(c1/c2)n. It is
recommended to choose 7 = %. 7, is a filter time constant
that removes chatter. T, 1s approximately equal to

(0.3/(baud rate)) seconds (7, = R.C,). The lock-detect filter
capacitor removes chatter from the locked-detect output.
This output is connected to the modems respective motherboard
interrupt to suspend the normal wdrkings of the program and
manage the incoming data. When this 1is activated the
microprocessor executes a subroutine which receives the
incoming data from the modem. With Rd = 510k, the minimum
value of <capacitance (cd) can be determined | by:
Cd (uf) = l1l6/capture range in Hz (Exar Integrated Systems,
1978) . The schematic diagram applied to the XR-2211 is shown
below.
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Figure Al-5: Diagram of XR-2211 Demcdulator used in FSK

modem

The AGV’s motherboard and the CAP’s computer have standard
RS-232C interface ports. These communication signal lines
range from positive 12 volts to negative 12 volts. To
interface these outputs voltages levels with the modem, a
Maxim interface integrated circuit (MAX-232) is used. This
converts the outputs from the RS-232C communication ports to
standard 5 volt T.T.L. logic levels compatible with the modem
(Maxim Integrated Products, 1989). A schematic diagram

representing the input and output voltages for the MAX-232
is given below.
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Figure Al1-6: Schematic Diagram of MAX-232

Using the above mentioned three integrated circuits a simple

modem design is presented.
A.2.2 Communication Hardware Testing

The two modems require calibration and testing. The
following procedure was implemented for modem adjustment:
The frequencies corresponding to a high and low signal were
adjusted on the XR-2206 frequency modulator. The data input
(pin 9) was connected to the 12 volt supply rail and the
sinusoidal output (pin 2) monitored. By adjusting the
potentiometer (Rla) the high frequency output was set. The
data input (pin 9) was then connected to the ground voltage
rail and the sinusoidal output (pin 2) again monitored. This
low frequency calibration was achieved by adjusting the
potentiometer (R2a). When connecting the data input to the
12 volt supply rail the output frequency was measured and set
to 1270 Hz. In the same manner, when connecting the input
to the ground voltage rail the output frequency was measured
and set to 1070 Hz. A further advantage of this modulator
integrated circuit lies in the fact that both sinusoidal FSK

output frequency settings were found to be independent of



141

each other.

The XR-2211 demodulator required tuning of the centre
frequency. Before any frequency tuning could occur it was
necessary to stabilise the voltage controller oscillator
output. This 1is because the loop-phase-detector output
voltage is essentially undefined and the sweep frequency (the
waveform that searches for a comparable input frequency) is
undefined and varying. To fix this sweep frequency equal to
the centre frequency, pin 2 and pin 10 had to be short
circuited and the centre frequency measured at pin 3 with cd
disconnected. The centre frequency was then adjusted using
the potentiometer R6a and monitoring the frequency output at
pin 2. This frequency was adjusted to 1170 Hz. Having
accomplished these settings, verification of the

functionality was achieved in the following manner.

The output of the modulator (pin 2 of the XR-2207) was
connected to the input of the demodulator (pin 2 of the XR-
2211). A pulse train of 300 Hz was supplied to the input of
the modulator (pin 9) at a frequency of 300 Hz and the output
of the demodulator (pin 7 of XR-2211) was monitored on an
oscilloscope. This pulse train input is equivalent to a
communications port baud rate of 300. The oscilloscope
waveform was monitored and the potentiometer Ré6a was finely

tuned, eliminating chatter on the output waveform.

Once the above modem testing proved to be successful it was
necessary to establish a direct communication link between
the two motherboards. This process was instituted to verify
the functionality of the communication subroutines and
hardware wiring between the two RS-232C communication ports.
It should be understood that the use of the modems is
required only for voice synthesis necessary for the radio
medium communication. It is therefore unnecessary when
direct wire communication between two motherboards is

required (See Appendix III). This wire communication testing
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was achieved by coupling the two communication outputs from
each motherboard together. Both motherboards have standard
25 pin ‘D-type’ connections and these have predefined
standard RS-232C output pin configurations. The transmit
data (pin 2) of each motherboard output is connected to the
respective recipient receiver data input pin (pin 3). The
ground lines of each motherboard are directly coupled
together. These three lines are sufficient for bidirectional
communication between the two motherboards provided there is
only one talker at a time. All the other lines of the RS-
232C 'D-type’ connector; apart from two unassigned lines, are
control wires and are used to establish and maintain the
communication link. It should be noted that RS-232C was
initially designed for interconnection between data
communication equipment (DCE) and data terminal equipment
(DTE) . This host and recipient configuration does not
usually occur with two intelligent motherboards requiring
duplex communication. However, each motherboard takes a turn
to send and receive data and therefore the sender can be
considered as the DTE and the receiver as the DCE. A diagram

of the wiring configuration is shown in figure Al1-7.

2 2
DTE L3 3| DCE
7 7
Fiqure A1-7: Minimum RS-232C Connections for Duplex

Operation
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A 5 metre cable comprised of the above wiring configuration
was connected to each of the motherboards. Routines were set
up to transmit and receive data on a continuous basis at
half second intervals. The check sum algorithm was disabled.
This was to allow for interrogation of incoming data without
it being discarded. The predefined arrays namely, route
data, navigation data and instruction data, were transmitted
on a cyclic basis. The route data consisted of five paths
comprising a total of 22 data values. The navigation and
instruction data each consisted of 4 data values (this is
taking into account that no check sum value was submitted).
A total of 150 data arrays making up 4500 byte values were
passed through this communication link. The values were
interrogated and verified against their transmitted values
and a 100 percent error free reception for all 4500 bytes was

accomplished.

In order to verify the functionality of the modems together
with the two motherboards the correct procedure entails
direct coupling of the modem to their respective
motherboards. The modem FSK outputs were then coupled to
their corresponding modem FSK inputs. This eliminated the
wireless transceiver 1link. The outputs of the MAX-232’s of
each modem were connected to their respective motherboard
communication ports. The same data testing routines were
then implemented to verify the functionality of the modens.
A total of 150 data arrays making up 4500 byte values were
passed through this communication 1link. The values were
interrogated and verified against their transmitted values

and a 100 percent error free reception for all 4500 bytes was
accomplished.

After this procedure the modems were disconnected from each
other and linked directly to their respective transceivers.
The desired wireless communication link was achieved. The
testing procedures are to be detailed in section A.2.7. Each

transceiver was connected to a modem and an extra output



144

port from the motherboards was used to operate the ’‘push-to-
talk’ signal input. When intending to transmit data this
output control signal activates the transceiver. It was
found that a 50 millisecond activation signal, prior to
transmitting data, was necessary for activation of the
receiving modem. This was needed to allow time for the

receiving program-interrupt to prepare for the incoming data.

A.2.3 Protocol

In both the transmitting and receiving programs the baud
rate, parity and stop bits have to be pre-defined and
configured. This 1is so that the protocol for the
transmission byte is the same as that of the reception byte.
This configuration is all pre-defined in the initial settings
of the main program (Leibson, 1989). On reception of data
the modem firstly determines the integrity of the incoming
signals. Provided that the incoming tones fall into the
predetermined communication values, the modem activates an
interrupt of the microprocessor. This interrupt calls a
subroutine which performs the task of data integrity checking
and verification. One subroutine is used for transmitting
data while another 1is wused for receiving data. The
communication structure only allows for data transfer in one
direction at a time. Before any data transfer can commence
the sender station must first ascertain whether the radio
frequency medium is unused. This information is established
between the microprocessor and modem. Whenever the radio
link 1is wunused, data may be transmitted. When not
transmitting information, the modem and microprocessor are
in receive mode.

When the CAP is controlling and monitoring the AGV, near
real-time simulation and surveillance is required. In effect
two way communication (duplex communication) between the AGV
and CAP is needed at all times so that real-time information

is transferred. Real-time information includes data such as
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path layout, required destination, vehicle interrupt, vehicle
position and vehicle status. When the CAP or AGV needs to
transmit information a transmission subroutine 1is called
which reads data from an output array. This data is output
one byte at a time into the microprocessor output holding
register. The byte is then clocked out of the communication
port in a serial fashion at a predefined baud rate, parity
and stop bit. This pre-defined protocol consists of 8 stop
bits, even parity and a baud rate of 300. If the received
data does not comply with this protocol a data integrity

error is generated.
A.2.4 The Transmitting Subroutine

Before data is transferred a push-to-talk signal must be
activated on the transceiver. Activation is accomplished
using a motherboard output port. When the program requires
data transfer, the push-to-talk 1is activated from the
transmitting subroutine 50 milliseconds prior to
transmission. This takes control of the radio transmission
line. The subroutine then writes a data byte to an output
holding register located at hexadecimal address (&HO2F8).
The byte is then clocked out to its respective modem through
an RS-232C output port using the predefined protocol. Once
the byte has been unloaded out of the port, another byte is
loaded into this output holding register. This process is
continued until all the required data has been clocked out.
At the end of each data array, a termination value is placed
to confirm the end of transmission. This confirmation is
used to terminate the transmitting and receiving subroutines.
The clocked output pulses are encoded in the modem into
specific FSK tones and superimposed on the radio carrier

frequency. A flowchart of this subroutine is given below.
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Fiqure Al-8: Flowchart of Radio Transmission Subroutine

A.2.5 The Receiver Subroutine

A transmitted radio signal is received by the transceiver.
This is demodulated from the 144 MHz FM band and input into
the modem. The modem firstly must verify that the incoming
signal is comprised of predefined FSK tones. If the signals
do not consist of these tones, the signal is immediately
discarded. Provided the signals are correct, the modem uses

the transmitted 50 millisecond initialization signal to halt
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the normal functions of the receiver program. This 1is
achieved by activating the motherboard interrupt which stops
the main program function and prepares the receiver
subroutine to service the incoming data. The receiving
motherboard will take a maximum of 50 milliseconds to halt
any function with which it may previously have been engaged.
The FSK tone signals are demodulated by the modem into their
respective binary 0’s and binary 1’s. These are then input
into the RS-232C communication port which loads the binary
value into the input holding register one byte at a time.
A holding register flag is activated when the input holding
register contains one full byte. A loop in the receiving
subroutine continually checks the holding register flag and
when it is activated the holding register value is read into

an input array. This incoming data is stored and once the

communication signals have terminated, the data 1is
interrogated. All communication data has a leading and
trailing information protocol. These values perform two

functions. The first function is determined by the leading
protocol. This is consisted of two information bytes and
informs the receiver station of the composition of the data.
The last byte of the incoming data array is a checksum
correction value. This byte 1is a verification of the
integrity of the received data. A final integrity checking
is accomplished by verifying the incoming data prior to it
being passed on to any of the subroutines. This verification
observes a standard checksum procedure and is used to verify
the integrity of the data. This procedufe adds all the
requested transmitted data together before transmission (the
checksum value is chosen to be multiples of 128). This data
is then subtracted from the closest multiple of 128, the
remainder being the last transmitted value. This procedure
is carried out prior to transmission of the data. The data
is then transmitted in its original form. The received data
is first stored in its original form. All the values of the
array are added together including the last value. This
total should again make up a value of a multiple of 128. If



148

the total received array value is not a multiple of 128 then
all the data is discarded and a retransmission is requested.
It is assumed that if the last incoming byte of the array has
the correct incoming value then a high probability exists
that all the preceding transmitted values are correct. This
assumption is made because, 1in the event an incorrect
received value, the checksum would result in a checksum error
value. This checksum integrity checking proved sufficient
for this short range wireless communication. During system
testing 2500 bytes were transmitted with no invalid data
reception. Further detail is given in the section on
communication testing and results. It should be noted here
that many advanced data integrity checking procedures exist,
one being ’‘packet-radio’ but it was considered unnecessary
in this application as the checksum method resulted in 100
percent transmission. The integrity and value of the input
information determines whether the data is sent to various
subroutines or whether it is to be discarded. It is now
necessary to detail the procedures for directing the

received data array to the appropriate subroutine.
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START

b

READ DATA FROM
COMMUNICATION PORT INTO
HOLDING REGISTER

.

IS A FULL
BYTE
LOADED?

READ BYTE INTO
RECEIVING ARRAY

IS BYTE VALUE
EQUAL TO
TERMINATION
VALUE?

CALL DATA
HANDLING ROUTINE

RETURN

Fiqure A1-9: Flowchart of Radio Receiver Subroutine

A.2.6 Receiving Array Command Protocol

All data is transferred in numerical form. The leading two
values received are numerically interrogated and have
specific functions. The first value defines whether the data
has been transmitted previously. If the first incoming byte
corresponds to the wvalue of 127 then a first pass
transmission is assumed. However, if the first incoming byte

corresponds to a value of 126 then a second pass transmission
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is assumed. The second value received corresponds to the
category of incoming data. These three categories constitute
the communication definition structure. These are

navigational data, route structure and commands or requests.

a) Navigational Points

The second incoming byte value is numerically evaluated.
If this value is found to be numerically equal to 126
then the preceding pair of numbers 1is assumed to
correspond to a .navigational point. This 1is only
provided that the final value agrees with the integrity
checking procedure then the two navigational values are

transferred to a guidance subroutine algorithm.
b) Route Definition

If the second received incoming numerical value is 125,
then all preceding data, apart from the last numerical
value, is assumed to correspond to a route definition
array. Provided the final value agrees with the
integrity checking procedure then the data is sent to
a route definition array. A sorting algorithm
determines the beginning and end point of the path
structure. The algorithm then interconnects all the
corresponding intermediate path nodes. These points
constitute the path layout and are used in the guidance

subroutine.
c) Request Definition

If the second received incoming numerical value is 124,
then the preceding two values, apart from the last
numerical value, is assumed to correspond to a request
definition. Provided the final value agrees with the
integrity checking procedure then the data is sent to

a request definition subroutine. The data is then
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interpreted and categorized into request definitions as
follows. If the third incoming value 1is numerically
equal to 1 then a request for resubmission of previously
transmitted data is submitted. If the third incoming
value is numerically equal to 2 then a control command
is issued to stop the AGV immediately. If the third
incoming value is numerically equal to 3 then a control
command instructs the AGV to return to its base station.
In this manner, a large command structure can be

generated to cover all the needs of an autonomous AGV.

START

IS THIS
NAVIGATIONAL
DATA?

CALL NAVIGATIONAL
SUBROUTINE

I§ THIS

DATA?

YES
CALL MAPPING
SUBROUTINE

CALL SIGNAL
DEFINITION
SUBROUTINE SIGNAL?

RETURN

Figure A1-10: A Subroutine Flowchart for Incoming Data array
Supervision.
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A.2.7 System Testing

Once the communication system was fully implemented, a number
of tests were carried out. These were aimed at verifying the
functionality of the wireless system in conditions similar
to those of a manufacturing environment. The tests conducted
were system range in direct line of sight, system range with
obstacles such as a machine and other large metal objects,
functionality of the system through concrete partitions and

functionality of the system when subject to interference.

Test 1

A direct line of sight transmission was firstly carried out
to determine the effectiveness of the wireless communication
with regard to distance. The CAP and AGV were placed in an
empty parking lot and test data was transferred over various
distances. Because it was impractical to locate a terminal
onboard the AGV, a functional command was implemented to
verify the arrival of the data at the AGV. This functional
implementation was merely to start and stop the AGV motors.
Once the command was received an acknowledgement was returned
to the CAP. In this manner, a verification of each
transmitted data signal was achieved. Five hundred data
bytes were transferred at 1 second intervals over a distance
of 100 metres, 200 metres, 300 metres and 400 metres. 100
percent error free transfer was obtained. It was considered
beyond the scope of this research to attempt to achieve a
greater range. Having accomplished this, it was decided to
implement a more practical communication test with regard to

AGVs in their manufacturing environment.

Test 2

One major advantage of VHF FM wireless communication is that
it has the ability to communicate around objects or machines.

It is for this reason that it was deemed necessary to verify
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this advantage with the communication system built and
implemented in this research project. The vehicle was placed
in a simulated manufacturing environment and instructed to
move around a lathe, milling machine and workbench. During
this manoeuvre continuous communication between CAP and the
AGV was achieved with 100 percent error free data transfer.
The CAP transmitter was no more than a maximum of 20 metres
from the AGV at any time during this operation. However,
most of this data transfer was not in direct line of sight,
but obstructed by the aforementioned objects. One hundred
data bytes were transférred between the CAP and AGV during
this test.

Tegt 3

A major function of AGVs in a manufacturing environment is
considered to be materials handling and transportation and
it is possible that these functions could occur in more than
one enclosed area. For this reason it was clearly necessary
to verify the functionality of the system when the vehicle
was operating in a different room, partition or enclosure to
the CAP. Furthermore, it was also considered that this
testing was an integral ©part of developing duplex
communication for an AGV system. The vehicle was placed in
a separate laboratory, 40 metres away from the CAP. Two
adjoining laboratories separated the two communicating
transceivers. A total of three, 30 centimetre walls
inhibited the transmission signals. One hundred byte values
were transferred resulting in a 100 percent error free data
transmission. In this test it was observed that although
error free data transmission was achieved, some re-
transmission requests were submitted. It was concluded that
these concrete obstructions largely reduced the transmission
range. This resulted in a series of tests to determine the
percentage of first pass data transfer acceptance against
distance. The checksum error checking was disabled allowing

for interrogation of first pass data. To accomplish these
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series of tests the vehicle was placed at distances ranging
from 35 metres to 60 metres at intervals of 5 metres. The
percentage data transfer was plotted against these distances.
One hundred data bytes were transferred at 5 metre intervals.
The graph below depicts that the data transfer rate falls
rapidly with distance when the FM communication is required
to transfer data through solid concrete boundaries. This

phenomenon is detailed in the discussion.

Data transfer rate (%)
120

100

a0

35 40 45 50 55 60
Distance (metres)

Graph Al-1: Graphical Representation of Percentage Data
Transfer Rate against Distance.

Test 4

Glven the nature of a manufacturing environment and

considering that free-ranging AGVs require wireless
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communication, it was necessary to test the communication
link within this environment. When testing this
communication link in direct line of sight (up to 30 metres)
within a manufacturing environment, 100 percent error free
data transfer was observed. It was decided that these tests
were suitable for wireless data transfer within a
manufacturing environment. Yet, a further test was conducted
to investigate the limitations of the system. The vehicle
was again placed at distances varying from 35 metres to 60
metres and a communication 1link was separated by two
adjoining laboratories. The milling machine and lathe were
put into operation, and the transmission transfer rate
against distance plotted. Comparing the results obtained
when the machines were either operational or non-operational,

it was clear that no interference was incurred.

Data transfer rate (%)

120

100

80

20

35 40 45 50 55 60
Distance (metres)

Graph Al1-2: Graphical Representation of Percentage Data

Transfer Rate against Distance when Influenced by Working
machinery.
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A.3.1 The Mosfet Chopper Module

Direct current motor control was achieved by varying the
power to a d.c. motor. This was accomplished by either
varying the constant analog supply voltage or the average
current to the motor. The former method of motor control was
not recommended for free-ranging vehicles because, at reduced

motor speeds, excess power was dissipated in the form of

heat.

The mosfet chopper module utilised the concept of varying the
average power supplied to the motors whilst not sacrificing
excess power in the form of heat (Freeman, 1979). The amount
of power delivered to each motor was controlled by altering
the mark space ratio of the chopper output frequency that
drove each motor. This is commonly known as pulse width
modulation. It is the more favoured technique for d.c. motor
control and is commonly implemented in free-ranging AGV’s
because there is no power wastage. The method of pulse width
modulation d.c. power control can achieve a high efficiency.
An efficiency of up to 99 percent can be achieved if fast,
high efficiency mosfets are used (Van der Horst, 1987). This
resulted in a minimal amount of power being expended as heat,
allowing for a significantly longer battery life. In effect

this increased the working time of each vehicle battery.

Power is controlled by furnishing short pulse bursts to the
motor at a high frequency. The frequency chosen was
dependent on the magnetic breakdown characteristics of the
motor and therefore each type of motor using this concept
should be tested independently. This evaluation can be
achieved by increasing the frequency of the chopped d.c
waveform and then monitoring on an oscilloscope the reactance
caused by the magnetic field (Koff, 1985). Most d.c. motors
operate at a chopper frequency of 15 kHz. This frequency was
tested on the d.c. motors chosen for this application and the

magnetic field characteristics monitored on an oscilloscope.
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It was observed when applying this frequency of 15 kHz the
pulse width modulated supply voltage tended to breakdown as
a result of the reactance of the motor. An 18 Kkhz chopper

frequency was applied to overcome this problem.

An IM566 voltage to frequency integrated circuit was used to
generate a sawtooth waveform with an output frequency of 18
kHz. An analog reference voltage, proportional to a desired
motor speed, was supplied by the computer and compared with
this sawtooth waveform. The resultant comparator output was
an 18 kHz square wave with a mark space ratio proportional
to the desired motor speed. The output ratio of high signal
to low signal was proportional to the reference voltage
supplied by the computer. Output waveforms from the LM566
and the resultant mark space chopper waveforms are shown

below for different analog output voltages.

High analog signal

A o o "
?\\ //ﬂ ?\\ //1 ?\\ /// Low analog signal

} |

>v4 I \VA resulting in low
| |
| |

! power output

.
B

! Resultant

! Mark Space

l Ratio for

: High Analog

| Voltage Input
|
l

S N

Resultant
Mark Space
Ratio for Low
Analog
Voltage Input

Fiqure Al1-11: Waveform Generated by Mosfet Chopper Module
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The square wave controlled a power mosfet (IRF520) and this
drove a d.c. motor through a double-pole double-throw relay.

The relay coil was controlled from an output port of the

motherboard through a switching transistor. Using this
configuration, each motor’s direction and speed was
controlled separately from the computer. This design

maintains high efficiency by conserving onboard battery power
and satisfies the required Mecanum movement principle. A
block diagram for this design is given below, showing the

inputs and resultant outputs.
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Figure Al-12: Block Diagram Showing d.c.
Confiquration
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Photograph Al-4: Electronic Chopper Module Circuitry

A.4.1 Path Structuring

A predefined grid reference is established as it is necessary
to visually define the 1location point of two adjoining
routes. Using these nodal reference points, path definition
is reassigned the closest grid reference node. This allows
for the operator to visually determine whether the two path
segments are separated or joined at a given node. Without
a grid, two path end segments could be infinitely close
without physically Jjoining. The grid eliminates this
possibility as it would snap these two path end segments onto

the grid node.

The path is structured using a digitizer in an interpolative
fashion with the CAP computer screen. The path programmer
may select this path selection option from the main menu of
the controlling program. Upon activation this subroutine
requests a starting point from the digitizer. The mapping

programmer inputs a starting route location point from the
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digitizer while simultaneously visually locating this point
on the computer screen. This digitized point is converted
to the closest predefined Cartesian co-ordinate grid-vector
point and stored in a path array. The end point of the route
is then digitized and converted to similar predefined co-
ordinate points and stored in the same array. This 1is
continued until all the desired routes have been laid. A

flowchart of the path description subroutine is presented

”\\\\\

NO CO ORDINATES

FROM
\_DIGITIZED
\\\INPUT

’ﬁs

below.

CONVERT TO GRID POINTS
& STORE A8 ROUTE
STARTING POINT

NO CO-ORDINATES

& STORE AS ROUTE
END POINT

Figure Al-13: Subroutine Flowchart for Route placement

.CONVERT TO GRID POINTS

A.4.2 Placement of No-entry Zones

A path programmer may wish to place no-entry zones or areas

where the AGV may not physically manoeuvre. This may be an
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area occupied by a physical obstruction such as a machine or
simply an undesired AGV travelling area. The selection of
these regions is achieved by the path planning programmer.
The obstacle placement selection is accomplished from the
main controlling program menu using the digitizer. A
subroutine then requests a no-entry zone starting point from
the digitizer. The co-ordinates for this starting point are
converted to the closest Cartesian grid-vector point and
stored in an obstacle array. The opposite end point of the
no-entry rectangular array 1is then input by the path
programmer. This digitized point is converted to the closest

Cartesian grid-vector point and stored in the obstacle array.

. START

NO CO-ORDINAYES
= FROM
_DIQIYIZED
INPUT

i YES

T J

| CONVERT TO GRID POINTS|

| & STORE AS NO-ENTRY
STARTING POINT

il
[ N

| / "
NO " CO-ORDINATES™
N FROM ////
DIGITIZED

’ YES

CONVERT TO GRID POINTS |
& STORE AS NO-ENTRY
END POINT

Figqure Al-14: Subroutine Flowchart for Placement of No-entry
Area
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A.4.3 The Delete Option

This option deletes a path or no-entry zone. The selection
of these is achieved by the path planning programmer via the
digitizer. The delete option can be selected from the main
controlling program menu. A subroutine then requests a no-
entry zone starting point from the digitizer. If an obstacle
or path falls in this requested region it is deleted from the

appropriate vector array.

NO CO-ORDINATEQ\\

FROM
DIQITIZED
INPUT

_lvm

CONVERT TO GRID POINT

COMPARE
WITH
PRE-STORED
ROUTE
POINTS

YES

DELETE ROUTE
FROM ROUTE ARRAY

COMPARE
WITH
PRE -STORED
NO - ENTRY
POINTS

DELETE NO-ENTRY YES

AREA FROM ARRAY

Figure Al1-15: Subroutine Flowchart for Deletion of Routes
and No-entry Areas
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A.4.4 The Map Save Option

once all the routes and obstacles have been mapped onto the
CAP screen this layout can be stored for later use. This map
saving menu option saves the path programmer’s predefined
layout into CAP memory and furthermore, downloads this
information via radio link to the AGV motherboard. This

section of the program is detailed in Chapter 3.
A.4.5 Real Time CAP Controller

The functionality of the subroutine categorises it within the
broader concept of system integration. The functions of real
time monitoring do not fall into the category of guidance per
se, but nevertheless are briefly discussed to lend a more
complete understanding of guidance monitoring. A detailed
explanation of real time monitoring is presented in

Chapter 3.

A facility of real time AGV monitoring and controlling has
been developed for this research application. The functions
‘offered in real time are dispatching of a vehicle, monitoring
AGV movement and the option of interrupting the normal
workings of a vehicle. This monitoring and control can be
accomplished by the operator from the CAP. The real time
subroutine plots the positional navigation points of the AGV
onto the CAP display monitor. Furthermore, it transmits
these navigational points to the AGV for guidance and
control. The operator may at any time instruct the vehicle
via the keyboard to stop, immediately return to its base

station or return to 1its base station once a task is
completed.

A.4.6 The Terminate Program Option

The programmer may desire to abandon the main controlling

function. An option is offered in the main menu which allows
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the operator to abort the main program and return the CAP
functions to the main operating system. In this case the

main operating system is Disk Operating System (DOS).
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APPENDIX II
B.1 System 1

calculations to determine the maximum delay between infrared

receiver activator and decoded signal output.

Absolute maximum time for IS 471F decoder to produce output

for a given 38 kHz excitation input is:

delay (excitation) = 800 microseconds- - -+ - - * - Egn Bl

Maximum time for IS 471F infrared decoder to recover from the

removal of excitation frequency is:

delay (recovery) = 800 microseconds: - - - - - - - Egn B2

Therefore, the maximum time to produce one period output from

the infrared decoder 1is:

Period = delay(excitation) + delay(recovery)
800 + 800
1600 microseconds I Egn B3

1.6 milliseconds

nononou

Maximum input frequency to any of the IM567 decoders 1is:

1
T
- 1
ITE;IEE T Egn B4

625 Hz

]

For a bandwidth comprising 10 percent of the centre
frequency, the maximum specified number of pulses to produce
an output is 15 cycles.

Beacon 1 was chosen to have a superimposed lower freguency
of 600 Hz. Therefore, the maximum delay to produce an cutput
from a IMS567 with a centre frequency of 600 Hz and a
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bandwidth of 60 Hz is:

Period for 1 cycle = 3%6 seconds
Period for 15 cycles = 15 seconds Egn B5

0
= 25 milliseconds

Beacon 2 was chosen to have a superimposed lower frequency
of 500 Hz. Therefore, the maximum delay to produce an output
from a LM567 with a . centre frequency of 500 Hz and a
bandwidth of 50 Hz is:

1

Period for 1 cycle = =50 seconds
Period for 15 cycles = é%% seconds «+ + +« - . . - Eqgn B6

= 30 milliseconds

Beacon 3 was chosen to have a superimposed lower frequency
of 420 Hz. Therefore, the maximum delay to produce an output
from a IM567 with a centre frequency of 420 Hz and a
bandwidth of 42 Hz is:

Period for 1 cycle = 3%6 seconds
Period for 15 cycles = i%% seconds -+« + « « . Egn B7

= 35.7 milliseconds
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From the above results, a theoretical angular resolution may
be calculated. An average microprocessor interrupt delay was
measured to be 40 milliseconds. This is accounted for. For
a rotating beacon speed of 51.4 degrees per second

(1 revolution per 7 seconds), the angular resolution is:

Angular Resolution = i364x(35.7+40)

0 .+« +« <« . . . . Egn B8

o 40

B.2 System 2

The following are calculations to determine the angular
resolution of system two. The computer crystal frequency is
12 MHz:

Crystal Freq
Divider Value

6
= 12x% 10 e s e 4 e e . Eqn B9

210

Base Timer Frequency =

= 11.71875 kHz

The timer resolution is equal to one period of the base timer

frequency:

Timer Resolution =
T

1 « + « +« <« « . Eagn BlO
11.71875x103

85.3 microseconds

The response time of the IS 471F is equal to
800 microseconds. Therefore, the total response time is

equal to 885.3 microseconds. The angular resolution is,
therefore, as follows:

1 second = 360°
1 microsecond = 0.00036°

Therefore, the resolution in 885.3 microseconds is equal to:
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Ang. Res. = Response time x Angular Velocity
=885.3 x 0.00036 « e s Egn Bl1l
=0.318°

B.3 S8ystem 3

Calculations to determine the maximum delay between infrared
receiver activation and decoded signal output. For an
infrared carrier frequency of 350 kHz and implementing LM567
decoders with a 10 percent bandwidth selection, the maximum
delay time to produce an output from the decoder is specified

as 15 times the number of the input cycles:

Period for 1 cycle = Y seconds
350x107
Period for 15 cycles = _ 1 seconds -+ - - - - Egn Bl2
350%10°73

= 42.8 microseconds

Therefore, if the period for capture is 42.8 microseconds and
the period for recovery is 42.8 microseconds, then total time
to produce one full output cycle will be 87.7 microseconds.
The resultant frequency for a period of 87.7 microseconds is:
1
89.7x10°
11669 kHz

Eqn B13

All the beacons centre frequencies are chosen with a 10
percent bandwidth. This selection specified an output

response of the IM567 decoders corresponding to an input of
15 cycles.

Beacon 1 centre frequency chosen is 11.5 kHz,
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. 1
~ Period for 1 cycle = —
11.5x10
15 .
Period for 15 cycles = ———— - e e Egn Bl4
. 11.5x10

1.30 milliseconds

Beacon 2 centre frequency chosen is 10.5 kHz,

~ Period for 1 cycle = ___;L__G
10.5x10

Period for 15 cycles = ___}E__E .« « .« .+« . Eqgn B15
10.5x10

1.43 milliseconds

Beacon 3 centre frequency chosen is 9 kHz,

. Period for 1 cycle = 1
9.5x10°

Period for 15 cycles = 15 . . . . . Egn Bls6
9.5%103

1.57 milliseconds

Assuming a negligible response delay from the timer and a
beacon rotation speed of 1 revolution per second, the system
angular resolution would be:

360° in 1 second

- 0.36° in 1 millisecond

System Angular Resolution = 0.36x1.57

0.56°

Egn B17
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B.3 Calculations for resultant system resolution

These tables display the resultant linear variations arising
from variations 1in recorded angular readings. The
theoretical angular tolerance that was predicted for system
one was 4°. This tolerance value is applied to the resection
algorithm to determine the resultant linear variation. The
resultant theoretical linear tolerances are discussed in the

main text.

Table B-1: Maximum Tolerance Readings for an angqular error reading of # 4°C
ay W B Xp Yp —I Difference Max X Difference Max Y
) (&) (mm) (mm) from Xnorm Worst Case from Ynorm Worst Case
(mm) (mm) (mm) (mm)
NORM 120 240 1155 2000 - 79 - 192
CASE1 116 236 1063 2064 92 186 64 256
CASE2 116 244 1242 2178 a7 186 178 370
CASE3 124 236 1056 1808 99 193 192 370
CASE4 124 2644 1249 1941 94 L 193 59 237
An angular resolution of 0.5° was applied to the resection
algorithm in order to determine an acceptable 1linear
tolerance limit. The variations in linear displacement are
presented below. These are discussed in the text.
Table B-2: Maximum Tolerance Readings for an angular error reading of * 0.5°C
ay 8, Xp Yp Difference Max X Difference Max Y
() (*) (mm) (mm) from xnorm Worst Case from Ynorm Worst Case
(mm) (mm) (mm) (mm)
NORM 120.0 240.0 1155 2000 - 12 - 23
CASE1 119.5 239.5 1143 2008 12 23 8 16
CASEZ2  (119.5 240.5 1166 2023 11 23 23 46
CASE3  [120.5 239.5 1143 1977 12 23 23 3
CASES 120.5 249.5 1166 1992 1" 23 8 16
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PIN

HWON =

10
11
12
13
14

15

16

17

18
19

20

21

22

23

24

25

NAME

Frame Ground
Transmitted Data
Received Data
Request to Send

Clear to Send

~ Data Set Ready

Signal Ground
Data Carrier Detect

Reserved

Reserved

Unassigned
Secondary Data
Carrier Detect
Secondary Clear

to Send

Secondary Transmitted
Data

Transmit Clock

Secordary Received
Data
Receiver Clock

Unassigned
Secondary Request
to Send

Data Terminal Ready

Signal Quality Detect

Ring Indicator

Data Rate Select

External Transmit Clock

Unassigned

PURPOSE

Earth ground for safety

Data line from DTE to DCE
Data line from DCE to DTE
Asserted by the DTE when it is
desired to send information
over the communications link.
The DCE responds by acquiring
control of the link if it does

not have it already.

Asserted by the DCE when it
has control of the
communications link.

Asserted by the DCE when it is
powered on and functioning
properly.

Logic ground for the interface
Assarted by the DCE when it is
receiving a carrier over the

communications link.

Same as Data Carrier Detect
but for a secondary channel
Same as Clear to Send but for
a secondary channel

Same as Transmitted Data but
for a secondary channel

A clock frequency for the
transmitter usually used for
synchronous communications.
This signal is supplied by the
DCE to the DTE.

Same as Received Data but for
a secondary channel

A clock frequency for the
receiver usually used for
synchronous communications
This signal is supplied to the
DCE from the DTE.

Same as Request to Send but
for a secondary channel
Asserted by the DTE when it is
powered up and functioning
property.

Asserted by the DCE when the
communications channel is
operating reliably. If

negated, the DTE may wish to
change the bit rate by
changing the level on pin 23,
Data Rate Select.

Asserted by the DCE when
something on the communication
channel is attempting to
contact the DCE

Used to select the bit rate of
the DCE. May be changed in
response to a change of pin
21, Signal Quality Detect.

A transmitter clock supplied

by the DTE to the DCE.
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SURVEY CALCULATIOKS : THE RESECTION

GIVEN : (1) Co-ordinates of fixed points A,B,C

(ii) Un-oriented observations ou,,@pgrepe

CALCULATE: (i) Correctly oriented directions

(ii) Co-ordinates of P

THEORY

B X

In a resection, observetions are tezken from the unknown point to
fixed points (ie backward observations). These observations

gre unoriented as no forward observations zre made to the unknown
roint. Even_though the observations are un-oriented, the correct
ancles APB, BPC, and CPA can be determined.

Recall: all angles subtended by a chord, in the same secment
of a circle, zre egual.

(1) Consicder the ancle 2PB, znd chord AB.




The lines which measurs fggsangle APB will intersect at scme
point Pl. IZ the orientztion cf ravs are changed, the ll:e§
will intersect at a new point 22. Reoeating this crocess will
cive a third intersect: icn point P3. Repeating this process
will give a Tacrth intersection point Pa. Points Pl, P2, P3..
Pn reﬁresent fne locus of a point P. This locus is the arc of

a circle such that the angle su'tended at its circumference by
the chord ‘A3 is ecual to the angle APB.

mhe locus circle can be constructed afier the éetermination of
the first pcint Pl by -

a) Jjoining A-21 and Pl1-3
b) constructing the perpendicular bisectors of these chords.

The intersection of the percendicular bisectors gives the
centre of the circle (0Q).

The unknown pcint P lies somewhere along the circumference of
the locus circle passing through A and B.

(ii) Consider the angle 25C and chord AC.
Point P lies somewhere along the circumference o
circle pessing through A ané C.

Hy

the locus

(iii) Cersider the zngle BPC and chord 3C.
Point P lies somewhere along the circumfierence cf the locus
Ccircle passincg through B and C.

Point P is the commecn intersection of the 3 locus ¢
This gives a unique ceterminaticn of the positicn o
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