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Guidance Control for Automatic Guided Vehicles

Employing Binary Camera Vision

Ramesh Rajagopalan

Abstract

This thesis presents guidance control schemes for a class of Automatic
Guided Vehicles (AGVs) employing binary camera vision. These control schemes
enable the AGV to follow a given track profile accurately. The accuracy in
following tracks has been set based on the current industrial needs for
assembly automation. For guidance, the binary camera is continuously
focussed on an illnminated track provided on the floor prepared by taping or
otherwise. An efficient image processing technique that is capable of
identifying the track and recognizing a set of road signs is developed. The
image processing scheme provides the instantaneous position and orientation
of the longitudinal axis of the vehicle relative to the track and this

information is used for guidance control.

This thesis presents three new approaches for guidance control of the
vehicle to achieve track following. The first approach employs a camera at
the front end of the vehicle. This assures accurate track following of a
small section of the vehicle. The steering command is computed using the
instantaneous position and orientation offsets of the longitudinal axis of
the vehicle relative to the track. The second approach employs an additional
camera at the rear end to provide accurate track following of the front and
rear ends of the vehicle. In this scheme, the steering command is calculated

using control laws that make use of the instantaneous position and

iid




orientation offsets as measured by the front and rear sensors of the vehicle.
This scheme employs control equations that are dependent on the presence of
track curvature. Further, the choice of control equations is also dependent
on the relative position of the front and rear ends of the vehicle with
respect to the track. In addition to this, the gains of the control
equations are changed in real-time depending on the relative position of the
front and rear ends of the vehicle with respect to each other as well as the
track. The third approach is a feed forward contro]l scheme for accurate
track following of any section of the vehicle as defined by a driving
criterion. This is an intelligent method as the vehicle guidance is based on
the identified geometry of the track in real-time. The geometry of the track
is identified using the motion parameters available upto that instant. The
driving criterion defines the positioning of the AGV body on the track, i.e.
which section(s) of the AGV has to be on the track. The steering command is
computed based on the predicted track profile ahead of the vehicle and the

dr.ving criterion.

A methodology to select a suitable wheelbase configuration and
combinations of driving and steered wheels without redundancy for optimal
kinematic control of AGVs is presented. A criterion is derived for this
purpose by considering a generic kinematic model. A prototype AGV with a
differential drive and a diamond shaped wheelbase configuration has been
built for experimental study. Results of simulations and experiments

indicate satisfactory performance.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

One of the major concerns of most industries in modern times is to
reduce the operating costs, while remaining competitive in the market. A
major portion of the operating cost can be attributed to the material
handling cost, whether it is in assembly, warehousing or component
manufacture. Need for greater productivity and reducing labor costs are also
factors of prime concern to most industries. Such pressing demands have led
to an increased emphasis on automation, and therefore to the development of
Autonomous Guided Vehicles. These are driverless transportation systems
capable of intelligent motion and actions which allow a great deal of
maneuverability. These vehicles are also referred in the literature as
Mobile Robots, Wheeled Mobile Robots (WMRs), Automatic Guided Vehicles (AGVs)

and Autonomous Vehicles.

Such vehicles may appear to be an expensive solution to the industrial
problems but the long term benefits far outweigh the initial costs for
developing such vehicles. It is much easier to quantify the intangible
savings when employing such vehicles. To mention a f{ew, there is less
product damage, greater routing flexibility, greater control over material

movement, ability to operate in hazardous environments, etc.

Industries adoption of AGVs is analogous to the transportation
revolution that brought in trucks replacing the freight trains. A train

passes each station in sequence, and facilities served by the train must




cluster near the rails. On the contrary, a truck goes wherever there are
roads. It doesn’t have to pass every station. It can bypass some and reach
others in the order of priority. AGVs bring similar flexibility to

factories.

1.2 AGV Applications

Interest in this subject has grown tremendously as the potential
application of the autonomous vehicles has began to increase. AGVs bring
flexibility to the factories. They can be easily reconfigured to meet change
in production needs. In assembly lines, use of Autonomous Guided Vehicles
provides enhanced joo satisfaction and better product quality. Therefore
conventional fork Ilift trucks and trailer carts used to transport raw
materials from the warehouse to the shop floor, and finished products back to
the warehouse, are being increasingly replaced by Automatic Guided Vehicles.
Unlike a conveyor line, an AGV can be sent to any station in the system’s
route in any sequence and at any time. Thus flexible manufacturing has
become a reality. AGVs allow the assembly lines to be split into parallel
lines where identical operations are performed. This drastically increases
the uptime. Apart from material handling, the classic areas where AGVs are
used in tne automotive industries are in motor assembly, bod assembly,
welding stations, door assembly and painting. A typical example for this is
the truck assembly line in the General Motors plant at Oshawa, Canada, which

employs nearly 500 AGVs.

The present day electronic industry is highly competitive requiring
methods to reduce space and work-in-progress. The present trend is towards

volume production of many different models which makes conventional conveying




methods difficult to implement. AGVs offer a flexible transporting systems
to meet these industrial demands. Clean room operations, which are a must in
the electronic industries further necessitates the use of AGVs. Other
industries where such vehicles are increasingly being used include aerospace,

food, paper, textile and pharmaceuticals industry.

Mobile robots can also be used in non-industrial environments. For
example, they could be used in offices for document handling, in postal

operations, in hospitals for transporting supplies, in agriculture for seed

sowing etc. Autonomous vehicles could also be used for intelligent wheel
chairs for the disabled. Some of the above mentioned applications are
already a reality. To meet the specialized needs of different industries,

AGVs may be fitted with a variety of fixtures for holding or transferring
workpieces. These vehicles are currently being studied for usage as
exploratory vehicles in land, and underwater applications. Their usage in
planetary exploration include remote repair and maintenance. Significant
research is underway for the development of autonomous vehicles for military

applications.

There are many industrial and non-industrial application areas yet to be
developed with the existing technology, apart from the fact that new markets
would be generated with the rapid advances in technical know-how. However,
this does not mean that the AGVs alleviate most of the industrial problems.
The installation and the maintenance costs are high. The need to develop
simple machines to operate in structured environment, with reliable guidance
and error recovery capabilities together with reasonable overall construction

costs imposes constraints on system design.




1.3 Historical Development of AGVs

The earliest AGV was Cceveloped in 1954 by Barrett Electronic
Corporation, USA. The vehicle’'s controller was based on vacuum tube
technology with wire guidance as the guidance scheme. With rapid advances in
the field of electronics, the controllers were transistorized in the next
decade. In the 1970s integrated circuit technology replaced the
transistorized controllers. The controllers then became compact with more
computing power. Mini-computers were used to communicate with vehicles and
direct their movements. Integration with other automated systems such as
conveyor systems became more popular because the computer technologies
employed by all these devices were simjlar and could readily be interfaced

with one another.

In the late 1970s microprocessors became popular in fixed equipment and
cnboard AGVs. The central minicomputer used software to control the overall
AGV system operation, the microprocessors on each vehicle permitted it to be
controlled by individual vehicle software. In systems using onboard vehicle
microprocessors, software has eliminated a great deal of hardware within the
system and onboard the vehicles. In addition, advanced control capabilities
such as real-time communications with all vehicles, continuous location and
status monitoring of all vehicles, and enhanced system control options became

possible.

As microprocessors became increasingly popular, sophisticated control
capabilities were incorporated without the previously required hardware. The
AGV concept was first applied on a large scale to manufacturing in 1974, when

Volvo Automated Systems installed a 260 carrier system at their plant in
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Sweden. There are increasing trends in using stationary robot arms with AGVs
so that they can load and unload by themselves thus eliminating the need for
operators and other machinery at the assembly lines. Hybrids of AGVs with
robots are developed by the Flexible Manufacturing Systems, USA, and are

employed in electronic industries.

1.4 Components of an AGV
Figure. 1.1 illustrates a schematic of an AGV showing the essential

components as described in references [1, 2]. The components of an AGV are

1) Mechanical structure with a driving/steering mechanism

2) Onboard power

3) Onboard computing facility

4) Feedback control system

5) Guidance system

6) Electronic components and interfaces, and electrical components
7) Operating system software

8) Safety features

9) Communication system

The mechanical structure of the vehicle houses the control components of
the vehicles. The wheels to provide motion to the vehicle and steering
arrangement in the case of steered vehicle, are the essential components of
the mechanical system of the vehicle. The mechanical structure also provides
the space for loading the workpieces. The onboard power is required for
continuous and uninterrupted operation of the AGVs. This power is needed by

the onboard computing facility as well as by the driving and steering motors.
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This is normally provided by two or more batteries. Most of the commercially
available AGVs employ lead~acid batteries. The alternative is to use
nickel-cadmium batteries. The advantage of the later is that they can be
charged in a short time. However, these batteries need to be charged

frequently.

A feedback control system is needed to monitor the driving and steering
wheels. The elements of the feedback control system are, a motion
controller, digital to analog converter, a servo amplifier and a feedback
device that could provide motor speed/position. The host computer itself can
be used as a motion controller if there is enough computing power to perform
all the necessary controls and calculations. The usual practice is to allow
the motion control to be performed by independent devices that can be
interfaced with the host computer and with the other feedback control
devices. Electronic components and interfaces are needed by the vehicle
control systems. Electrical components such as relays, switches and LEDs are

provided to enable ease of operation and trouble shooting of the vehicle.

The guidance system of the AGV depends on its application. A guidance
system ensures that the AGV follows the desired track profile in order to
perform the tasks that are assigned to the vehicle. The deviation of the
vehicle from the desired track is measured by the guidance sensors and this
information is passed onto the onboard computer. The guidance systems of the
commercially available autonomous vehicles are, the wire guidance, the
optical guidance, the inertial guidance, the infra-red guidance and
dead-reckoning control. These systems are described in detail in chapter 2.

An operating system software is needed for vehicle operation. The software




also checks for malfunctions in components and takes appropriate actions
accordingly. The software is written in modular forms to enable easier

integration of new features in the future.

Safety features are essential components for any automation and in this
respect the AGVs are no exception to this requirement. The following are the
various issues according to the Safety Standard established by the ASME ([3]

for Guided Industrial Vehicles.

e Contact sensors such as bumpers to protect the body of the vehicle

® Non-contact sensors such as ultrasonic or infrared sensors for obstacle
detection and stopping

e Warning lights to indicate that the vehicle is moving

® Audible signals for blind corners

o Brakes-both software controlled and mechanical brakes should be present
e Emergency stop buttons should be provided all around the vehicle

e The software should be able to identify system malfunctions and should
take appropriate actions

® The colour of the vehicle should be bright for easier visibility.

® A watch dog is required to monitor the onboard computer which controls
the operation of the vehicle.

The above mentioned components are the basic components of an AGV and
are mostly provided by the various manufacturers of AGVs. In a manufacturing
environment employing a fleet of AGVs, it is necessary to provide a
communication system between the onboard computer of the AGVs and the central
main frame computer. The main frame computer monitors the movement of these

vehicles and performs scheduling.




1.5 Summary

This chapter presents the definition for AGVs, and the various

appiications of AGVs in industrial and non~industrial environment, The
historical development of AGVs is also discussed here. The essential
components of an AGV are listed. AGVs provide flexibility in material

handling and other industrial activities in with accurate tracking and
parking capabilities. In industrial applications, AGVs replace the
conventional conveying and transporting systems. AGVs are used in automobile
industries, electronic industries, warehouses, hospitals, airports,
industries involved in producing food products, paper, textile,
pharmaceuticals, and in lawn mowing. Essential components of an AGV are, a
mechanical structure or a vehicle body to house the control elements of the
vehicle as well as to carry loads, driving and steering arrangements for
vehicle movement, onboard power provided by rechargeable batteries for
wireless and uninterrupted operation, onboard computing power for vehicle
control, and feedback elements to ensure that the wheels of the vehicle are
running at the desired speed. Electronic and electrical components are
provided to facilitate control of the vehicle. A guidance scheme that
enables the vehicle to follow the desired trajectory is an essential element
of an AGV. Operating software, safety features and communication facilities
to interact with an external supervisory computer are the other essential

components of an AGV.




CHAPTER 2

BACKGROUND SURVEY AND DEFINITION OF PROBLEM

2.1 Introduction

Autonomous vehicles can be provided with a variety of wheelbase
configurations. They can employ any one or more of the guidance schemes
mentioned in section 1.4. The choice of wheelbase configuration and the
guidance system depends on the task performed by the AGV and the environment
in which the vehicle is used. In order to control the vehicle, controliers
based on the kinematics and/or the dynamics of the vehicle are adopted. For
this purpose, kinematic and/or dynamic models of the vehicle are developed.
This model ranges from simple equations of motion based on the geometry of
the vehicle to complicated sets of equations taking into account various
physical characteristics of the vehicle body and the driving and steering
mechanisms. Finally, in order to perform the overall position control of the
vehicle to achieve accurate road following, a guidance control scheme is

employed.

This chapter discusses the literature available in the above mentioned
areas and identifies the areas of .nprovement. This chapter has been divided
into three major sections. The first section summarizes the literature on
kinematic (wheelbase) configuration, kinematic and dynamic modeling, guidance
schemes, controllers for the guidance schemes and wheel level control
schemes. The second section identifies the objective and the scope of the
research addressed in this thesis. The third section provides a briefly

describes the organization of the thesis.




2.2 Present State-of-the-Art

This section of the thesis describes the existing literature on
autonomous vehicles in four parts, The first part is on the Kkinematic
configurations of the autonomous vehicles. In this part, various wheelbase
configurations adopted as well as special purpose wheels designed to provide
certain features for the vehicle are described. The second part of this
section details the kinematic and dynamic modeling aspects of AGVs. The
third section is on the various guidance schemes adopted. The advantages and
disadvantages of one scheme over the other are also described in this
section. The last part of this section covers the control schemes proposed
by the various researchers. This includes guidance in terms of overall
position control and the wheel level control for low level feedback control

of the driving and steering wheels.

2.2.1 Wheelbase Configuration and Types of Wheels

This section summarizes the various wheelbase configurations and the
type of wheels employed in the AGVs developed by various researchers. This
classification is to obtain a general idea about the wheelbase configuration
that is mostly used in practice. The wheelbase configuration of most land
vehicles can be classified as, two driving wheels and no steering wheels
(differentially driven AGV), a steered wheel with two driving wheels, a
steered wheel which is also driving and two idling wheels, multiple

driving/steered wheels and special wheels.

2.2.1.1 Wheelbase Configuration with Two Driving Wheels
These AGVs employ two driving wheels on either side of the rear axle

of the vehicle. In order to provide stability, these vehicles are provided

i1




with one or more castors. In these vehicles steering is accomplished by
driving the two wheels at different velocities. Fig. 2.1a shows a schematic
diagram of an AGV with a differential drive. The driving wheels and the
casters are indicated in this figure. An advantage of these vehicles is
their ability to turn at zero radius. Also, the vehicle can move forwards
and backwards. A limitation of these vehicles is that they cannot move side
ways i.e. along the lateral axis. [Examples of vehicles employing this kind
of configuration (with or without a castor at the rear) are, the Newt Robot
described by Hollis [6], and the vehicles considered by Julliere et al (7],

Borenstein and Koren [8], and Hongo et al [9].

2.2.1.2 Wheelbase Configuration with a Driving and Steered Wheel

The other popular wheelbase configuration is the tricycle wheelbase
configuration, a fixed rear axle provided with a driven wheel on either side
of the axle. The front end of the vehicle has a driving wheel which is also
steered. This configuration is illustrated in Fig. 2.1b. One of the
limitations of this configuration is less maneuverability due to the absence
of zero turning radius as compared to the differential drive arrangement.
Further, it cannot travel backwards and may employ complicated mechanical
structure to provide driving and steering of the came wheel. It has been
demonstrated by Muir and Newman (10] that this arrangement is not desirable
for kinematic control of AGVs. Examples of vehicles employing this kind of
configuration are, the CONCIC-I AGV by Cheng et al [11], the Neptune
vehicle [12], the Blanche vehicle from AT&T Bell Laboratories described by

Miller [13], Nelson and Cox [14], Wilfong [15], and Cox [16].
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2.2.1.3 Wheelbase Configuration with Two Driving Wheels
and a Steered Wheel

This is a variation to the previously mentioned configuration. In this
the front wheel is the steering wheel and the rear wheels are the driving
ones and this arrangement is shown in Fig. 2.lc. This introduces a redundant
degree of freedom in which there are two wheel speeds and a steering angle to
control. This redundan. degree of freedom aids in kinematic control of the

vehicle. This phenomenon is demonstrated by Muir and Neuman [10].

2.2.1.4 Wheelbase Configuration with Multiple Driving and Steered Wheels

In the case of vehicles with four wheels, two wheels at the front are
steerable and the remaining two wheels at the back are the driving ones.
This configuration is similar to that of an automobile. The steering is
performed by an Ackerman steering linkage. Schematic diagram of an AGV with
four wheel configuration is shown in Fig. 2.1d. The two steered wheels can
be replaced by an equivalent steered wheel at the center and this leads to
the tricycle configuration. Examples of vehicles with this configuration
are, the Stanford Cart described by Moravec [17) and the JPL Rover described
by Muir and Neuman [10}). In the case of JPL Rover, the rear wheels are also
steerable by a separate Ackerman linkage in addition to the front wheels that
are steerable. All the four wheels are provided with independent driving
arrangemerit. This arrangement is presented in Fig. 2.le. CMU Rover
explained by Moravec [17] also known as Pluto has three steered and driving
wheels. There are three steering angles and three wheel speeds to control in

order to achieve three degrees of freedom.
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2.2.1.5 Special Wheels

Vehicles with more than two degrees-of-freedom are referred in the
literature as omnidirectional vehicles. The CMU Rover mentioned earlier is
an omnidirectional vehicle. The conventional configurations considered so
far provide only two degrees of freedom. The conventional vehicles cannot
move in the lateral or transverse direction. In order to provide an extra
degree of freedom i.e. motion along the lateral direction, special wheelbase

configurations and special wheels are considered in the literature.

The vehicles described by Jonsson {18] as reported by Hollier {4] and
the Uranus Mobile Robot described by Podnar in the annual report from CMU
edited by Moravec [19], employ special wheels which are known as Mccannum
wheels. These wheels provide the vehicles the ability to move in any
direction from 0 to 360 degrees, including a movement along the lateral axis
(sideways - 90 degrees). This wheel shown in reference [4] is reproduced in
Fig. 2.2. This wheel is made up of a number of free rolling rollers placed
at an angle of 45 degrees on a rim. When viewed from the side, the end of
each roller overlaps the beginning of the next, and due to the barrel shape
of each roller, the wheel presents a circular profile. As the wheel rolis,
its contact with the ground changes from one roller to the next smoothly.
The AGV is provided with four wheels, one at each corner of the vehicle. By
driving the wheels at different speeds and in different directions, movement
along a variety of directions is possible. Sample movements using this wheel
are discussed by Agullo et al. {20] and are shown in Fig. 2.3. For
Iongitudinal movement, all the wheels are rotated in the same direction. The
lateral movement (movement along the side, i.e. transverse), is obtained by

rotating the wheels along one diagonal in one direction and those along the

16
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Fig. 2.2 Schematic of the Mccannum Wheel
(Courtesy of International Trends in Manufacturing
Technology by Hollier [4])

17




S|93YM WNUUBOOW UM ADY UB JO SSPON UOHOW £'2 “Biy

J3JUs) SUIBIOSK) INOQY UONRIoY

T

>
.

S18]|0Y

4
4
v
]
[
i
‘
i
) b
' ¢
. 1
e e e it b i
' ]
. 1
1 [l
’
'
1 1
1l |
‘ »
1} ]
]
—

'
S
A%

Shivg
A ‘A
UOHOW jeiate] uonop jeuipnyBuoT
[ | m ! !
N . AN
N LE N -
i 4l 't Al
- N A A
“ AGTTTFCOO e N I A
7 N
7 = 87 NH--
4 = : ; /;whm__om —] \\ N
A A ' A

18




other diagonal in the opposite direction. Spin motion is accomplished by
rotating wheels on one side of the vehicle in a direction opposite to that of

the wheels in the other side.

Hollier [4) reports a new type of driving mechanism to achieve
omnidirectionality described by Fujiwara and Kawashima. A schematic of this
vehicle from this reference is reproduced in Fig. 2.4. In this vehicle,
there are two rotary discs to each of which are attached two driving wheels.
The orientation of the rotary discs with respect to the chassis can be
changed by controlling the revolving speeds of these four wheels. By
rotating the two wheels attached to a rotary disc in opposite directions, the
direction of the rotary disc can be changed without moving the chassis. Some
of the motiocns achieved are shown in Fig. 2.5. This is equivalent to a
system with differential drive and a steering mechanism to steer the wheels
independently. This feature is provided in the motor-in-wheel-drive units
developed by the Schabmuler Corporation, Germany [21]. A sample of this
drive unit is shown in Fig. 2.6. This unit is compact from the mechanical
structure point of view and is employed in several industrial AGVs. This is
the wheel drive unit employed in the prototype AGV designed for

experimentation in this thesis.

2.2.2 Kinematic Modelling

A kinematic model provides the equations of motion to compute the motion
parameters of the AGV corresponding to the motion parameters of the wheels.
A Jacobian matrix (J) relates these two sets of motion parameters. The
motion parameters of the AGV are the linear and the angular velocities, and

those of the wheels are the wheel speeds. The other parameters considered in
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Fig. 2.4 Schematic of an AGV with Omnidirectional Motion
(Courtesy of International Trends in Manufacturing
Technology by Hollier [4))
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the case of steerable wheels are, the steering angles and the steering rates.
The process of computing the vehicle motion parameters from those of the
wheels is the forward kinematic analysis. The inverse kinematic analysis
computes the wheel motion parameters from those of the AGV. To compute the

inverse kinematics the Jacobian matrix must be invertible.

To move the vehicle along a prescribed track, the wheel motion
parameters are worked out from some mathematical description of the track.
This technique 1is called dead reckoning control and is explained in
section 2.2.3.7. To achieve this form of control, an accurate mode! of the
vehicle is required to carry out the inverse kinematic analysis. This inverse
operation for the AGV is similar to the process involved in computing the
joint parameters of a robotic manipulator from a given set of world
co-ordinates of the end effector. It will be shown in section 3.4 that this
Jacobian is a function of the geometrical parameters of the vehicle (i.e. the
wheel base, the inclination angle of the steering column, and the offset of

the steering axis from the wheel axle) and the steering angle.

Since the inverse kinematic analysis is vital to the dead-reckoning
control of an AGV, it becomes mandatory to determine whether the kinematic
model of the vehicle is invertible or not well ahead of time. A criterion is
worked out in this thesis to do so. This criterion is called "path
controllability". Stated another way, a vehicle is said to be
path-controllable if there exists a unique solution for the motion parameters
of the wheels corresponding to the linear and angular velocities of the

vehicle.
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AGVs are different from the stationary robots in many respects [10].

These are listed below.
a) AGVs are closed-chain mechanisms.

b) In the case of AGVs, only some degrees of freedom can be actuated.

c) Both surface and point contacts are present in AGVs (hence the
existence of higher pairs), but the stationary robot arms have only

surface contacts (i.e. lower pairs).

Hence AGVs <cannot be modeled wusing the Denavit-Hartenberg
formulation [22] which is commonly used to model robot arms [23]. Muir and
Neuman {10, 24, 25] present a kinematic modeling scheme for autonomous
vehicles using transformation approach. To take into account the differences
between robot arms and AGVs, Muir and Neuman adopt the Sheth-Uicker
formulation [26] to model the kinematics of an AGV. It is believed that the
approach of Muir and Neuman provides an elegant modeling technique, and
presents itself as a counterpart to the transformation modeling approach that
is popularly employed for robotic manipulators. The merits of this approach
lie in its ability to generalize into any kind of wheelbase configuration
with any number of wheels and various combinations of driving/driven and
steerable/non-steerable wheels. Most of the other research work on kinematic
modeling concentrated on tricycle configuration with vertical steering column
and without offset [27, 28, 29). These researchers adopted a simpler version
of the tricycle configuration (straight steering column with and without

offset) and the model is based on vector approach.



2.2.3 Dynamic Modelling

This thesis does not use the dynamic model of the AGV for control
purposes. However, it uses a simulation package developed by Huang [35] for
simulations studies. This package is based on a dynamic model of the
CONCIC-I1 AGV. For this purpose and for the sake of completeness of the
literature review, schemes for dynamic modelling of AGVs is presented in this
section. Dynamic modeling can be accomplished using the classical techniques
based on D'Alembert’s principle used to model road and off-road vehicle
dynamics {30, 31}, extended form of Lagrangian and Newton-Euler
formulations, the Newtonian dynamics with the transformation approach for
kinematic modeling by Muir and Neuman [32), and the Hybrid
Newton-Euler/Euler~Lagrangian formulation and natural orthogonal complement
method by Saha and Angeles (27], and Cyril et al. [28]. The simulation
package of Huang [34, 35) employs a dynamic model which is based on the
classical method. This is not an elegant approach as is the transformation
method and is not general in nature. However, Huang [35] presents a
discussion on generalizing the dynamic modeling approach to include any kind
of wheelbase configuration. The third approach is the orthogonal complement
approach and is used by Saha and Angeles [27], and Cyril et al. {28]. Muir
and Newman (32] present a modeling scheme that includes close-chains
(non-holonomic systems), high-pair joints, friction, and unactuated and
unsensed joints. According to the authors, the other dynamic modeling
approaches did not address the problems of unactuated and unsensed joints,
and do not have provisions to consider dry friction (stiction, Coulomb and
rolling friction} and viscous friction. Further, it is shown that the mondel
is general in nature to apply to any multibody robotic mechanism. Also it is

claimed that the formulations are simple and computationally efficient and
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allows parallel computations in multiprocessors due to the matrix-vector

products,

2.2.4 Guidance Schemes

AGVs are usually driven by some guidance systems. The notable one is
the use of an energized wire loop. Others use optical sensors, or beaconing
together with onboard triangulation to compute the instantaneous position and
orientation of the vehicle, inertial guidance, infra-red guidance, three
dimensional imaging and laser range finding. The various guidance schemes

for industrial path guidance schemes are described beiow.

2.2.4,1 Embedded Wire Guidance

Wire loops are embedded in the factory floor and are energized
electrically. The AGV carries a matching antenna or coupler that detects the
magnetic field surrounding the wire, and the vehicle is kept suitably
straddled over the wire. There is a physical limitation to the magnetic
field so generated. Consequently, there is a lower limit to the deviation
between the vehicle and the wire. The highest speed attainable wusing this
type of guidance is also limited. Moreover, in cases where the wire loops
are either close to one another or overlap, they are energized at different
frequencies to avoid confusion, resuiting in having to change the tuning
frequency of the on-board antenna depending on the zones of the shop-floor in
which the wvehicle is to operate effectively. This technology is the oldest
and most widely used. Documented survey by Cheng et al. [11] of over 14 AGVs
manufactured world wide shows that 11 of them rely on wire-guidance. It is
also reported by Tsumura {38] that 90% of the guidance schemes in Japan adopt

this technology.
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2.2.4.2 Optical Guidance

Two schemes in optical guidance are, photosensing and camera vision. In
the photosensing scheme, a photosensor tracks a fluorescent line on the
floor. The AGV carries an ultra-violet light emitter to energize the
guidepath that is previously prepared on the floor surface. The photosensor
based control that is currently available suffers from limitations similar to
the magnetic coupler in wire guidance. Consequently, AGVs of this type are
more popular for slow-moving (less than 0.5 m/s) inter-office mail delivery
carts. Besides, the fluorescent path requires extensive maintenance.
Tsumura [32] reports that companies in Japan are employing this technology in

offices and in machining small parts.

Cheng et al [10] presented a method of guiding autonomous vehicles using
camera vision. In this scheme, a binary camera is focussed on a black tape
or paint on the floor that describes the desired trajectory. The position
and orientation of the vehicle relative to the tape are established and this
information is used to navigate the vehicle. This vehicle has been named as
CONCIC-1 (CONcordia Center for Industrial Control-I). On-board data
acquisition is also provided to evaluate the performance of the vehicle. The
type of sensor adopted, the image processing scheme, the computing facility
and the vehicle structure have limited the use of this AGV for serious
research activities. Consequently, a second generation vehicle has been
built to carry out experimental study, and has been named as CONCIC-II. In
section 6.2, the features of CONCIC-11 AGV which are absent in the CONCIC-1

vehicle, are discussed.
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Takeda et al. [39] describe a variation in the optical guidance using
camera vision. The track to be followed is provided with discrete marks
(10 mm diameter) which are optically detected. These marks are actually
retro-reflective spots located at a distance of 1| m from each other. : A CCD
camera on the vehicle detects these marks which are illuminated by lights
carried by the vehicle. Combinations of several spot marks are used for road
signs (turning options). This guidance scheme is essentially an extension of
the concept of following a tape or paint on the floor that describes the path
to be followed by the vehicle. The scheme proposed by the authors may work
well for straight line tracks but does not produce satisfactory result when

the vehicle has to follow curved track profiles.

2.2.4.3 Road Following By Map Building

The vision scheme described above provides a fixed path for the vehicle
to travel. In order that the vehicle travels freely without being
constrained by the user provided path, road following based on map building
is developed. CCD cameras are employed to provide three dimensional scene
analysis. In this scheme, the image received is translated into a scene
description by determining where objects and edges are in the image. There
are number of methods employed for image processing, namely, color analysis,
model fitting and high-level reasoning. In color analysis, the intensity and
color of the image are used for analysis. Problems associated with this
scheme are, illumination, shadow, and viewing angles. Vision schemes
developed and implemented at the Carnegie Mellon University (CMU) in the
early days were based on the gradient operator approach. In this scheme, a
small window of the image is considered and this provides faster image

processing. A thresholding is applied to get a binary image of the scene,
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thereby obtaining the edges of the road. Problems associated with this
scheme are, jaggered road edges and contrast. An alternative is to use the
color of the image. In the conventional schemes the intensity or color of
image processing is employed to achieve road map generation (40, 4l, 42).
Herbert [43]) provides a variation to the conventional method of road
following. The author investigates the use of active sensing, laser range
finding for both road following and map building. This provides stability
with respect to illumination conditions and elimination of calibration
process. The road following using map building is mostly applicable for
field robots. Extensive research is underway using visual guidance at the
Carnegie Mellon University [19]. Crisman et al. (44] presented a navigation
scheme based on color vision in an unstructured environment. The environment
considered by these authors are a road with no lane or road marks, poor
lighting condition or presence of shadow and weather condition such as snow

on the road.

2.2.4.4 Range Finding With Ultrasonic Sensors

The AGV is equipped with one or more ultrasonic sensors to prepare a map
of the room. Transducers from Polaroid are commonly used due to their low
cost, long range and good accuracy. The ultrasonic sensor has an emitter and
a receiver. Sound waves are emitted at four different frequencies, and the
time taken to receive the reflected wave is used to compute the distance
between the AGV and the obstacle. Transmission of a pulse requires about
1 ms and a blanking time of 600 us is provided to let the ringing die down.
This is to ensure that the ringing does not interfere with the returning
signal. It has been reported that as a result of the time spent on

transmitting and blanking, the minimum distance that can be sensed is limited
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to 27.5 em and the maximum sensing range for the Polaroid sensor is 12 m.
The sonars provide a good resolution in terms of measuring the distance of an
object but they fail to do so in computing the angular position due to their
wide beamwidth and this limits the application of sonars for AGV guidance.
Reflections from smooth surfaces result in problems (distance measured is
longer than the actual), and radiation patterns also pose problems due to the
wide angle of the radiation pattern. Several schemes are discussed in the

literature to alleviate these problems.

One such guidance approach is detailed by Elfes [12], and the vehicle
has been named as Neptune in the Mobile Robotics Laboratory of the Carnegie
Mellon University (CMU). The other mobile robot developed at CMU employing
sonar is the Terragator, a field robot. Flynn [45] describes a sentry robot
employing  sonar and infrared sensors  as the guidance system.
Preciado et al. [46] presents an approach to compensate for the presence of
sensor noise. The method is a geometric method and is not based on a
statistical approach. The authors have considered noise from sonars to test

the suitability of the compensation method.

Ultrasonic sensors are used mure as a navigator than a guiding device.
The material flow pattern in the industries is more or less fixed, and hence
it is not necessary to generate the floor map, path planning etc, and this
indicates that ultrasonic sensing is not for industrial guidance. However,
the sonars can be employed in conjunction with other sensors in the shop
floor to stop the AGV whenever they encounter obstacles or other AGVs in the
circuit. One common application of sonars for guidance is for sentry robots

as surveillance systems. The major advantage of the sonar is its
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insensitivity to lighting conditions as in the case of camera/optical
guidance schemes, and the information obtained is directly related to the
environment in which the vehicle is operating. Tani et al. [47] present an
AGV with multi-sensors. This AGV employs ultrasonic sensors and laser range
finders for guidance control and CCD cameras for obstacle detection and

avoidance.

2.2.45 Range Finding using Lasers

Nishide et al. [48] present a laser guidance scheme with a laser scanner
on the vehicle and corner cubes on the ground. The initial coordinates of
the cubes are provided as input to the host computer and this information is
used in conjunction with the reflected beams received to compute the heading
and position of the vehicle. Tsumura et al. [49] discuss a similar scheme as
described by Nishide et al. [48]. The authors provide simulations and
experimental study of the guidance methodology and mathematical formulations
for error analysis. The positions and orientation computations have an error
with a mean of 0.9 cm and a standard deviation of 1.6 cm and a mean of
0.64 deg and standard deviation of 0.17 deg respectively. Hoppen et al. [50]
present a methodology of navigating a mobile robot using environment mapping
and guidance using laser. The paper presents the guidance scheme for known

or unknown indoor environments in the presence of moving obstacles.

2.2.4.6 Infrared Guidance

A transmitter/receiver mounted on the AGV emits an infrared signal, and
utilizes its reflection to determine its current position and orientation
relative to the surrounding reflectors. Position accuracy is inferior, since

the reflectors are located at least 20 to 25 meters apart and there is a
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practical limit on the number of reflectors that can be mounted on the

ceiling or the walls of a given shop floor.

Miller and Wagner [13] present an optical rangefinder scheme. In this
scheme, a 2mW 0.82 u LED emits infra-red radiation. The system has been
designed to assure safety for the eyes of the workers on the shop floor.
This scheme has been tested on a prototype AGV "Blanche" at the AT & T Bell
Laboratories. Flynn [45] discusses a multi-sensor system for mobile robot
navigation combining sonars and infrared sensors. Giralt et al. [51] aad
Durrant-Whyte [S52] present a multisensor based guidance. The infrared sensor
does not provide an accurate estimate of the distance as the sonar, but
provides good angular resolution. Hence, integrating the image data from
these two sensors, an accurate estimate of the map of the room or place where
the mobile robot is operating can be obtained. This is primarily for path
planning applications involving sentry robots (surveillance) and does not

find applications in industrial environment.

McGillem and Rappaport [53] detail vehicle locomotion using infrared
beaconing. The paper presents relevant mathematical formulations to compute
the vehicle location using different approaches to computing. The paper
talks about lack of enough computing speed and hence devotes a section on
finding the solutions sines and cosines of angles with less computation
burden. The limitation on the computing speed can be easily overcome by
replacing the Z80 processors with the current fast Intel 80286 or 80386

processors.
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2.2.4.7 Dead-reckoning Control

Dead reckoning control of AGV is a method that does not depend on a
sensor that detects the physical location of the AGV with respect to a
desired track profile. The track profile is in the computer memory instead
of being laid out physically. The distance and the direction travelled by

the AGV are estimated from the wheel motion sensors such as encoders.

Dead-reckoning control is preferred to other types of guidance

schemes [10, 54, 55, 36, 57, 58, 59, 60] for the following reasons :
1) Dead-reckoning control can provide higher operating speed for the
AGVs as they are not constrained by the time needed for processing

the data received from the physical sensors.

2) The AGV path can be easily modified by simply changing the user

defined path in the computer memory and is under software control.

3) Since the dead-reckoning control scheme requires fewer components
compared to the other guidance schemes, the unit price as well as the

operating cost of the system are lower.

On the other hand the dead~reckoning control scheme has some
disadvantages over the other schemes. Some of the limitations associated
with this scheme are :

a) Since it relies on the information concerning the physical parameters

of the AGV, any variation in those parameters from their nominal

values will affect the tracking accuracy.

b) Accumulated errors due to errors in the wheel sensor measurements and
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computational approximations.

c) Presence of wheel slip and floor unevenness provide misleading

information concerning the distance travelled by the AGV.

Hongo et al. (9] present a different approach to compute the position
and orientation of the vehicle based on the encoder measurements to minimize
the effect of errors. Instead of mounting the encoders on the driving wheel
shafts, these are attached to the measuring wheels which are mounted along
the axis of rotation of the driving wheels but are actually driven wheels.
Measurement errors are corrected periodically with the help of optical range
finders in conjunction with a marker board. The location of the marker board
is provided to the computer and the correction scheme corrects any deviation
in the computed location using the optical range finder compared to that of
the stored location. Several error terms are considered such as velocity
error, position error and the direction error for guidance purpose. The
introduction of velocity error is novel, and this is to study the effect of
vehicle speed on the controllability of the system. Track following accuracy
of few centimeters deviation from the desired course at low speeds upto 1.0
m/s reported. A stopping distance of 2 cm is mentioned. Position error of
20 cm is noticed while travelling a distance of 50 m (0.47). The
introduction of measuring wheels are not very well explained in the paper and
a misalignment of the axis of rotation of these units with the driving wheel
axis may be present and the model should account for this error. Errors in

establishing the physical parameters of the vehicle need to be addressed.
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Nakano et al. {55] discuss a prototype vehicle that employs
dead-reckoning control for guidance and an optical range finder for error
correction. All four wheels are driving wheels and are steerable thereby
providing omni-directionality. The paper does not present enough

experimental results to provide tracking accuracy.

Banta [56] reports a parameter estimation scheme for correcting modeling
errors due to wear, misalignment or calibration degradation for
dead-reckoning control. Simulations studies show considerable improvement in

tracking accuracy using the estimation scheme.

Culley and Baldur [57) approach the problems of dead-reckoning control
with a free wheel measurement technique. In this scheme, a free wheel is
mounted along the longitudinal axis of the vel. .le. In addition to the
rolling motion, the wheel has two more degrees-of-freedom, namely, a move
about its pivot point and a movement up and down with changes in terrain.
The vehicle position and orientation are computed using the measurements
taken from this wheel instead of the conventional practice of taking

measurements from the driving and steering wheels.

2.2.4.8 Inertial Guidance

Devices such as linear accelerometers or gyroscopes provide information
concerning the direction of travel, position and velocity of the vehicle
without the use of external devices. These gyroscopes may be mechanical,
ring laser, magnetic north seeker or fibre optic. Mechanical gyros have
several disadvantages namely, low resistance to shock and vibration, warm-up

time, and high cost. The magnetic north seekers are not useful in industrial
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environments where metals are handled. The fibre optic scheme is preferred
to the ring leser due to its longer life time, less precision required in
manufacturing. Further, low cost and no additional mechanisms needed to lock
them are the added features. The fiber-gyros use several turns of the fiber
to generate lengthy paths. Kuritsky and Goldstein {63, 64] discuss a Ring
Laser Gyro (RLG), a Vibration Beam Accelerometer (VBA), and developments in
Fibter Optic Gyroscope (FOG) and Magnetic Resonance Gyroscopes {MRG's). The
paper presents qualitative estimates of the guidance accuracy, alignment
time, response to vibrations, shocks, and temperature. Bhanu et al. [65]
elaborate a navigation scheme based on an inertial sensor. The inertial
sensor information is used in conjunction with the information received from

an optical sensor to achieve obstacle avoidance.

2.2.5 Control Schemes

Borenstein and Koren [8] present a cross coupled controller scheme for a
differentially driven vehicle. This is to compensate for load or any other
disturbance on one wheel which reflect on the other. This compensation
prevents the vehicle from deviating from the resultant path, With this
scheme, any error in one of the control loops affects both the loops. This
is primarily useful for dead-reckoning control of AGVs and is not essential
for vehicle control that employs an absolute referencing system. The
introduction of cross coupling results in a lag. Due to the reduction in the
wheel speeds, the vehicle will be running at a speed less than the desired

speed and will not reach the destination at the prescribed time.

Hemami et al. [67, 68, 69] present a non-linear control scheme for a

vehicle with a tricycled wheelbase configuration. In this scheme, the
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steering angle is computed as a function of the position and orientation
errors of the vehicle relative to the track. Small angle assumption is
employed and this assumption is valid only for straight line tracks. The
simulation results presented show that the vehicle travels along a straight
line with zero position offset and a slowly varying orientation offset. This
is impossible to realize in practice. The authors also present an optimal
control law [68, 69) to minimize the square of the position and orientation
errors. The authors have come up with values for the gains of the controller
based on a minimization scheme. Hatwall and Milkulcik [70) present an
optimal control strategy to achieve preview control for highway vehicles. In
the case of highway driving, the driver looks at the track profile ahead of
him and applies the correction at the steering wheel in order to maintain the
vehicle on it's course of travel. This is similar to the track geometry
identification and @guidance of this thesis. Huang [35] discusses a

simulation study to search for the optimal value for the controller gains.

Lin et al. [72] presented a trajectory planning scheme for robotic
workcells employing robots, conveyors and a vision system. In this paper,
the path profile traced by the component that is in motion with respect to
the robot is established based on the visual information. The path profile
is expressed in joint coordinates of the robot. A second order curve fitting
is employed. This approach is similar to the guidance control based on the

identified geometry of the track of this thesis.

2.3 Definition of Problem and Scope of the Thesis
From the discussions presented so far, it can be seen that there are a

number of areas in which improvements can be made in order to improve the
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ability of the AGV to function well in a given environment. The various

areas identified are

e Path controllability and kinematic modeling of AGVs to identify a
suitable non-redundant combination of driving and steered wheels and

also a wheelbase configuration for kinematic control.

® Guidance scheme that is simpler and efficient.
e Guidance control schemes for accurate tracking.

® Prototype AGV development with a modular architecture.

2.3.1 Path Controllability and Kinematic Modeling of AGVs

From the literature review it has been observed that the most popular
arrangement is the one in which the front wheel as the driving and steered
wheel (tricycle wheelbase configuration). It has been mentioned earlier that
Muir and Newman [10] reported that this arrangement is not suitable for
kinematic control. Here the term suitability refers to the presence of
kinematic singularity (loss of degrees-of-freedom and absence of a unique
solution). The absence of kinematic singularity is termed as path
controllability in this thesis. This is defined as the ability of the
kinematic model to provide wheel speeds, steering angles and steering rates
for all values of linear and angular velocities of the vehicle. Hence it is
necessary to carry out a detailed analysis to verify mathematically the
presence of path controllability for AGVs without redundancy in the
driving/steering arrangement and with various combinations of driving and
steered wheels for kinematic control. This can be accomplished by
considering a vehicle with a driving and steered wheel at the front and rear

ends of the vehicle. Since the transformation approach of Muir and
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Neuman [10) is general in nature, this approach can be employed for modeling

purposes.

2.3.2 Guidance System

From the literature review it can be seen that there is a need to
develop a guidance system that has advantages over the conventional systems
discussed in section 2.3. It can be inferred from reference [11] that a
binary camera vision system employing low cost sensors is a suitable
candidate. The binary camera vision employs a simple camera with optic re 1
chips and a black line (painted or taped) that describes the track to be
followed. Light falling on the chips control the voltage level of the optic
rams. By reading the voltage level of the ram chip, a black and white image
of the track is obtained. Binary digitizing camera for guidance has the

following advantages over the other schemes :

® Since the track to be followed by the vehicle can be easily modified,
this scheme  provides sufficient  flexibility and hence the
installation and the operating costs are minimal compared to the

other schemes.

o Instead of a single point on the floor as seen by the other mesns of
guidance (wire and optical guidances), the camera vision guidance
provides a controllable width of view (large number of pixels) of the
track to be followed. This facilitates better control of the vehicle
and also aids in recognizing path features. This provides the

ability to recognize the turning options on the floor.
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e The image received for analysis from the binary camera is only two
dimensional and does not contain any complex information. As a result
of this, image filtering, smoothing and processing are relatively
simple and are performed at a faster rate than the schemes employing

complex imaging systems.

e The camera employed for guidance is simple in construction and hence

the cost is minimal. This reduces the unit cost of AGV.

Owing to these considerations, it can be said that the binary digitizing
camera vision technology can become a prime-alternative to the most popular
method, the wire guidance approach. The wire guidance aoes not provide the
flexibility for track modifications and imposes heavy demands on the
infrastructure of the manufacturing plant and the maintenance crew. For
instance, the floor has to be maintained to a level of 174", and the vehicles
cannot be sprung for fear of losing the guiding signal. It costs as much as
$100 per foot to repair or replace ground ioops. Considering these
operational expenses, the binary camera vision appears to be a better

alternative for vehicle guidance.

The technology employed for guidance based on binary camera vision
described by Cheng et al. [1l] needs to be improved to achieve guidance
control of the vehicle at higher speeds of the vehicle. The camera and the
interface used in the study are based on an older technology and it takes
70 ms to transfer one frame of image to the memory. The frame rate of the
CONCIC-1 AGV [11] is 8 frames a second. This needs to be increaseu to 20 to

25 frames a second so that the vehicle can travel at high speeds. Moreover,
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the image window size is fixed and it is not possible to transfer a few rows
of the image instead of transferring the entire image data to computer
memory. The image processing algorithm is slow and cannot identify road
signs namely, left and right turns. Moreover, the camera controller allows
interfacing of only one camera. In short, a fast imaging system and
processing scheme are needed to identify the track and guide the AGV and also
to recognize a set of road signs to take appropriate actions at road

junctions.

2.3.3 Guidance Control Schemes to Follow Tracks Accurately

Control schemes that make use of the information concerning the position
and orientation of the vehicle relative to the track has to be developed.
The controllers for this purpose can take the form of a standard P or PI

controller.

Further, it can be seen that the guidance control system of the
conventional schemes employ a sensor at the front end and hence assures
accurate track following of the front end or a small section of the vehicle.
However, it does not assure road following of the rear end of the vehicle.
In this, the rear end of the vehicle follows a path which is termed as the
TRACTRIX in the literature [73]. The concept of tractrix is explained in
section 5.1. In order to ensure accurate road following of the rear end of
the vehicle as well, a sensor is needed at the rear end of the vehicle.
Control laws that make use of the feedback information from the front and
rear sensors need to be developed to achieve accurate track following of the
front and rear ends of the vehicle (rather a large section of the vehicle) in

a short time.
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The control schemes mentioned above and available in the literature are
feedback control schemes in which the error happens first and the corrective
action takes place thereafter. These control schemes make use of the
instantaneous position and orientation of the vehicle relative to the track
and provide track following of either a small section of the vehicle at the
front end or a large section composed of the front and rear ends of the
vehicle.  Neither do they provide the flexibility of defining track following
of any other part of the vehicle nor do they have the intelligence to

identify the track geometry.

To alleviate these problems one could employ a feed forward control
scheme. The function of this control scheme is to identify the geometric
nature of the track and guide the vehicle accordingly. Vehicle guidance can
be carried out based on the requirement of the positioning of the AGV
relative to the track profile. Hence it provides flexibility in terms of
specifying which part of the AGV body has to follow the track. The track
geometry can be identified using the sensor data (absolute position feedback
from the camera and wheel speeds from shaft encoders) available upto that
particular instant of time. It can be said that the vehicle adapts well with
a large portion of the track profile rather than a small segment as seen by
the camera. Since track profile ahead of the vehicle can be obtained by
extrapolation, breaks in the track profile do not affec. the performance of

the vehicle.

2.3.4 Development of a Prototype AGV for Experiments
The vehicles developed by the other researchers listed in section 2.2

are fixed in nature without considerations for modularity. Since these are
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for laboratory research activities, it is essential that the components of
the vehicle be of modular form for easier appraisal since the technology is
changing rapidly. This modularity is also needed in the architecture of the
operating system software. A provision to change the wheelbase configuration
is an interesting option as it allows the experimenter to evaluate the
performance of one wheelbase configuration over the other for a particular
application. Since the basic dimensions of the vehicle is maintained, the
performance comparison provides reliable information. A data acquisition
system to record the operational variables of the AGV in real time is also
mandatory for experimental verification of the vehicle performance. Safety
features for fault detection and for stopping the vehicle in case of
malfunctions in the components of the vehicle or environmental problems are a

prime requisite.

It is imperative to employ computer control in an hierarchical fashion
in order to achieve the best tracking performance that is possible. The
hierarchical computer control can have two or more stages depernding on the
type of application. The overall position control of the vehicle can be
assigned to the host computer, the speed control of the wheel servos by
independent motion controllers, and intensive computational aspects such as
the identification of the track profile by a separate processor. This
decentralization of tasks reduces the cycle time and therefere improves the

tracking performance of the vehicle.
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2.4 Layout of the Thesis
The thesis has been divided into three major sections in addition to
Chapter 1 and Chapter 2 which describe the general concept of automated

vehicles and the literature available in this area.

The first section is devoted to modeling and guidance to achieve
accurate tracking. This section is sub-divided into Chapters 3, 4 and 5. The
second section presented in Chapter 6, describes the development of an
experimental vehicle to implement and test the models developed in the
Chapters 3 to 5. The last section (Chapter 7) presents the results of
simulations performed and the experimental validation of the mathematical

models.

The approach to identify a combination of driving and steered wheels and
a wheelbase configuration that is suitable for Kkinematic control of AGVs is
described in Chapter 3. A generalized kinematic model for an AGV with a
generic steering column configuration (without redundancy) is presented, and
the presence or absence of kinematic singularity for various configurations
are investigated. The kinematic model is based on a transformation approach
which is preferred to the conventional vector approach. The results of the
kinematic modelling scheme are used by the method to identify the geometry of

the track described in section 5.4.

The guidance system of the vehicle is discussed in Chapter 4. This
chapter describes an optical technique for AGV guidance employing a
relatively inexpensive binary digitizing camera. The camera is continuously

focussed on the track made by taping or painting the floor. This technique
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offers a controllable width of view and flexibility in terms of installation
as the track can be easily modified. A fast image processing scheme is used
since the image received from the camera being simple in nature. In these
respects this technique is superior to the conventional guidance schemes.
The on-board computer samples the deviation of the vehicle relative to the
track as sensed by the optical sensing means, and steers the vehicle so as to
reduce the deviation (position and orientation) to desired values. This
chapter also illustrates an algorithm to identify several primitive turn

signals that are employed to build road signs.

Chapter S presents three guidance control schemes to achieve accurate
track following. The first scheme is a conventional approach and it employs
single camera guidance scheme with P and Pl controllers. The second guidance
scheme employs two cameras and controllers with varjable gains, based on the
track curvature and the instantaneous position of the front and rear ends of
the vehicle relative to the track. The third approach is the track profile
identification and guidance scheme. In this scheme, the geometric profile of
the track on the floor is identified based on the motion parameters of the
AGV and the parameters of steering control as obtained from the camera image.
The term parameters of steering control is defined in this thesis as the
instantaneous position and orientation of the longitudinal axis of the
vehicle relative to an instantaneous reference point on the track. Based on
the identified profile, the steering commands are computed in order to
achieve the desired tracking strategy. The coefficients of the identified
track profile are updated using the new set of motion parameters as the
vehicle travels along. Different profiles such as polynomials, conic and

straight line are considered and the relevant equations are presented. A
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variety of driving criteria are defined and the necessary equations for track

following are derived.

In order to test these models an experimental vehicle has been built at
the Center for Industrial Control. The system design of this experimental
vehicle is explained in Chapter 6. This chapter describes the development of
the vehicle. The design philosophy and the features of the vehicle are
discussed. The mechanical and the electrical components, the computer
interfaces, the system software layout, and the safety features of the
vehicle are described in detail. The master controller of the vehicle is
based on an Intel-286 processor, and the low level servo control is provided
by independent motion controllers. A data acquisition system is built into
the vehicle to provide experimental data to verify theoretical predictions.
The system also features a remote radio link for wireless control.
Ultrasonic sensors are employed to avoid collision with any obstacles in the
path. This is a wunique research vehicle which offers simplicity in
construction, flexibility to change over to other wheelbase configurations

and facility for continuous enhancement.

Since there are a number of issues addressed in this thesis, the
operating software must support a variety of options such as simple camera
vision mode, road signs identification and guidance, dual camera mode, and

track profile identification and guidance mode.

The results of a large number of simulations and experiments form the
basis for Chapter 7. Component calibration experiments are carried out to

study the elements of the control loop. Performance studies are conducted
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while following a given track profile with and without load for various
initial conditions. Experiments are also conducted to study the dynamic
response of the guidance controller in response to a sudden change in the
location of the track. Simulations are carried out to study the
effectiveness of the guidance control scheme using two cameras over the
single camera scheme. Simulations are performed using a computer model [35]
of the experimental vehicle. The objective of the simulations are to test
the correctness of the track profile identification model. Experiments in
track following using the track identification scheme are not carried out due

to the computational overheads.

Conclusions are presented in Chapter 8. This is followed by the
recommendations for further study to improve tracking performance. This is
Chapter 9. There are a total of 7 appendices in this thesis. Appendix-A
discusses some useful mathematical formulations. The method of obtaining an
inverse of a transformation matrix by Paul [23] is reproduced for
completeness, Secondly, the method of least squared error solutions is
presented. This is used by the image analysis scheme of Chapter 4 at the
implementation stage. The least squared error solution is also employed by
the track/path identification schemes. The mechanical design details are
provided in Appendix-B. The components of the feedback control loop of the
vehicle are detailed in Appendix-C. This appendix describes the LM628
precision motion contrcller chip, PWM servo amplifiers and the incremental
encoders. The system diagnostics is explained in Appendix-D. A multiplexer
circuit is designed to connect two binary digitizing cameras to a siugle
camera controller.  This interface and the software layout is presented in

Appendix-E. The operating system software of the vehicle is described in

46



Appendix-F. Appendix-G summarizes the equations describing the CONCIC-I1 AGV
system for simulation from the Masters thesis of Huang [35). This is
included as the simulation studies are carried out using the package

developed by Huang.

2.5 Summary

This chapter discusses the literature available in vehicle design,
modeling, guidance and control. The areas of improvements are identified and
presented. The proposed guidance scheme and the experimental vehicle for
testing are discussed. The layout of the thesis is detailed. The design
aspects of the vehicle are based on the type of application. Tricycle
wheelbase with a driving and steering wheel, diamond shaped wheelbase with
differential drive, four wheel drive and steer are some of the wheelbase
configurations in use. Some vehicles are provided with a special wheel

called Mccannum wheel which provides three degrees of freedom movement.

The kinematic modeling of AGVs can be achieved using a transformation
scheme and a vector approach. From the literature it has been established
that the transformation scheme is more elegant and is general in nature. The
various guidance schemes for AGVs in the literature are presented.  This
ranges from the conventional wire-guidance to the most recent laser and dead
reckoning control schemes. Several control schemes are proposed in the
literature ranging from cross coupled control loop to optimal and sub-optimal

controls.

The scope of the thesis and the layout of the thesis are presented. In

the scope of the thesis a number of areas of improvements are identified.
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The presence of kinematic singularity is considered for the selection of
proper combinations of driving and steering wheels for kinematic control.
For this purpose development of a generic kinematic model of an AGV for a
generic configuration is recommended. This thesis concentrates on an
improved guidance scheme which is based on camera vision. A binary camera
vision scheme that can identify the track and a set of primitives and road
signs is suggested. A dual camera guidance scheme for accurate track
following of the front and rear ends of the vehicle is recommended. A feed
forward guidance scheme that is based on the identified geometry of the track
is proposed. An experimental vehicle that is modular in structure to carry

out tests to verify the models has been built.
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CHAPTER 3

PATH CONTROLLABILITY AND KINEMATIC MODELING OF AGVs

3.1 Introduction

This chapter presents an approach to select a combination of driving and
steered wheels and a wheelbase configuration for AGVs (without redundancy in
the driving and steering arrangement) that is suitable for kinematic control.
This suitability is termed as path controllability in this thesis. It is the
absence of kinematic singularity. The concept of path controllability is
explained in section 3.2. In order to arrive at the necessary conditions for
path controllability, a generic non-redundant kinematic modeling scheme based
on the transformation technique is presented. A kinematic model provides
motion equations to compute the motion parameters of the AGV that corresponds
to the motion parameters of the wheels. A Jacobian matrix (J) relates these
two sets of motion parameters. The motion parameters of the AGV are the
linear and the angular velocities, and those of the wheels are the wheel
speeds. The other parameters considered for the motion parameters of the
wheels in the case of steerable wheels are the steering angles and the
steering rates. The process of computing the motion parameters of the AGV
from those of the wheels s the forward kinematic analysis. The inverse
kinematic analysis computes the wheel motion parameters from those of the
AGV. To compute the inverse kinematics the Jacobian matrix must be
invertible. At the points or zones where the Jacobian is non-invertible,
kinematic singularities are present. At the singular point one or more
degrees of freedom of the AGV cannot be used and it will not be possible to
compute the motion parameters of the wheels that provide the desired motion

parameters of the AGV.




It will be shown in section 3.3.7 that this Jacobian is a function of
the geometrical parameters of the vehicle (i.e. the wheelbase, the
inclination of the steering column, and the offset of the steering axis from
the wheel axle) and the steering angle of the steerable wheel. Further, from
the criteria for path controllability, derived in section 3.3.8, kinematic
configurations of AGVs that have kinematic singularity for various values of
the steering angle are discussed in section 3.4. Section 3.5 shows an
arrangement with no Kkinematic singularity for all values of the steering
angle, This is achieved by suitably arranging the steering column and
wheelbase configuration. This is the differential drive configuration (no

steered wheels) and is the configuration chosen for the experimental vehicle.

From these discussions the objectives of this chapter can be summarized

as
(a) to identify a suitable combination of driving and steered wheels
and also a wheelbase configuration for kinematic control of AGVs

(without redundancy in the driving and steering arrangement) ;

{b) to provide a generic form of the kinematic equations that can be

applied to most wheelbase configurations employed in AGVs.

To formulate the generic kinematic model, an AGV with a diamond shaped
wheelbase configuration is considered. The front and rear ends of the AGV
are provided with an inclined steering column and are attached to the wheel
axle at some offset distance. On either side of the geometric center of the

AGV, idling non-steerable wheels are provided. This is shown in Fig. 3.1
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From the generic kinematic mode], the kinematics of a differentially driven
AGV is derived. Differentially driven AGVs are considered in this thesis as
they provide path controilabtlity in addition to the following

e the minimum radius of rotation of the vehicle is equal to one half ‘of

the wheel span.

3.2 Concept of Path Controllability

Since the inverse kinematic analysis is vital to kinematic control of an
AGV, 1t becomes mandatory to determine whether the Jacobian is invertible or
not before carrying out design and development. A criterion is worked out in
this thesis to do so. This criterion is called "non-redundant path
controllability". This criterion is wvalid only for vehicles without
redundancy in their driving and steering arrangement and hence it is called
non-redundant path controllability. For simplicity in the discussions this
criterion is referred as path controllability. It has been mentioned in
section 3.1 that this Jacobian relates the motion parameters of the wheels to
those of the AGV. Hence invertibility of the Jacobian or the existence of
non-redundant path controllability can be stated as, a vehicle is said to be
path controllable if there exists a unique solution for the motion parameters
of the wheels corresponding to a given value of linear and angular velocities

of the vehicle.

3.3 Kinematic Analysis for Path Controljability
3.3.1 Introduction

The kinematic analysis discussed in the following sections considers
only one half of the vehicle due to the symmetry of the configuration shown

in Fig. 3.1. To derive the kinematics of the differentially driven AGV the
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full configuration is considered. The kinematic formulations are carried out
for an AGV with a generic configuration for the steering column. The generic
configuration choren has an inclination («) in the fore and aft direction,
and an offset (s) between the steering axis and the oxis of rotation of the
steered drive wheel. As a result of steering about an inclined column,
velocity components are introduced in the YZ and XZ planes as well. The
generalized model presented here includes the necessary equations to compute
these additional degrees of freedom. The effect of inclined column steering
on the location of the center of the contact patch (which is otherwise known
as the contact point) will be detailed in section 3.3.3. Using the cumulative
position transformation, an expression to evaluate the component of the

angular velocity (J:) due to steering will be derived in section 3.3.6.

3.3.2 Coordinate Frame Assignment and Transformations

The coordinate frames assigned for the AGV under consideration are shown
in Fig. 3.2. A floor frame 'F' is defined such that the motion parameters of
the AGV can be referenced with respect to this frame. The XY-plane of this
frame is chosen to be parallel to the floor surface and the 7-axis is
perpendicular to the floor. A reference frame ‘R’ is chosen such that a
general formulation is obtained in order to compute the position and
orientation of any other point on the AGV relative to the floor frame. The
Y-axis of this frame is parallel to the longitudinal axis of the wvehicle, the
X-axis is directed towards the right side and the Z-axis is parallel to the
Z-axis of the floor frame. An instantaneous reference frame ‘R’ is chosen
such that it is located at the same place as the frame °‘R'. This frame has
the following characteristics. T : reference framie ‘R’ has a velocity

relative to the frame ‘R’ but the position of the frame ‘R’ with respect to

S3




JuUaWUFISSy SsWely 9}eUIpPIO0) pue UOoI{UIJa([ sIajawieded AOHV 2 B4

TIIHM J3¥34LS
NV DNIAIYA

NHAT00

ONIJIALS
Q3NITONI

/]

MIIA NOILVATTE LNOYA

X

C |

STd3HM
NIARMA
|J 1 fe—-— MAIA NVId _
0, P
y P A
20 \\N A

—
!
!
"".\
4

-+

54




the frame ‘R’ is zero. The velocity of the frame ‘R’ relative to the floor

frame ‘F’ is zero.

An hip coordinate frame ‘H’ is chosen on the stationary portion of the
steering column of the AGV. The rotating portion of the steering column
houses a frame ‘S’ which is the steering coordinate frame. The Z-axis of
these two frames coincide whereas the orientation of the XY plane of S with
respect to H is given by the steering angle ‘G". Coordinate frames °‘C’' and
‘C' are defined for the wheel contact point.  As in the case of inertial
frame, here also we have an instantaneous coordinate frame ‘C’. The Y-axis
of the frame °‘C’ is directed along the direction of travel of the wheel, and

the Z-axis is parallel to the wheel plane.

According to the definitions of Muir and Neuman [10,32], the
transformations having only constant terms are represented as ‘T’ and those
containing variables (such as the steering angles) are denoted as ¢.  Each
transformation (T or ¢) has a pre-superscript and a post-subscript such as
A@g. denoting that the transformation for the frame ‘B’ relative to the frame
‘A’ is given by the above notation. The inverse and the derivative (velocity

-1
: LA A Ag
transformation) of the transformation ¢B are represented as [08] and "¢

B
respectively. The inverse transformations are computed using the scheme
outlined in the Appendix. A. In the following formulations it has been

assumed that the contact area between the tire and ground is a point rather

than a surface.
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3.3.3 Contact Point Location of the Wheel with non-zero Steering Angle
The objective of this section is to provide the position transformation
of the contact point of the wheel for non-zero steering angle relative to the

reference frame. The relevant coordinate transformations are also presented.
The transformation RT“l is given by the following transformation equation
®T = Trans(-L ,L -LS -sC -L,LC +r -sS - L )Rotate(X,a) (3.1)
H d a f o o b f o o c

Where L‘I is the wheelbase distance between the contact points of the driving
and driven wheels, l_b is the y-~location of the reference frame relative to
the driven wheel contact point, Lc is the z-location of the reference frame
‘R’ relative to the floor level, Ld is the x-location of the hip frame
relative to the reference frame ‘R’, r is the steered wheel radius, Lr is the
length of the straight portion of the steering column, s is the offset
distance and a is the steering column inclination. These definitions are

shown in Fig. 3.2.

Without loss of generality Lc is specifically chosen to be equal to
‘r’, the wheel radius. This greatly simplifies the final form of the

mathematical expressions. The notations such as Sa and Ca refer to the sine

and cosine of the angle ‘a’ respectively.

The transformation H¢S is a rotational transformation about the Z-axis

and is given as

”d»s = Rotate(Z, 6) (3.2)
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The transformation STC is computed from

STC = TIrans(0, s, ‘L,) Rotate{x, ~a) Trans(0, 0, -r) (3.3)

Figure. 3.3 is a transformation graph for the equations (3.1) to (3.3).
From this graph, the transformation for the location of the new contact point

coordinate frame ‘C’' relative to the reference frame ‘R’ is
o =Rt " ST (3.4)

Substituting the transformation equations (3.1) to (3.3) in (3.4}, and

rearranging the terms, one obtains

r q
Ces - Coc SGs -3 Ses x
2

] C SBs CaC6‘+ S Sa Ca (r - Ces) y
Qc = 2 ) (3.5)

S SBs - Sa Ca (1 - CBs) Ca + Sa CBs Z

0 0 4] 1
x = (r Sa - s) Ses - Ld (3.6)
y = (La - Lb) + (r Sa -s) (1 - Cgs) Ca (3.7)
z= - Lc + (r Sa -s)(l - Ces) Sa (3.8)

The (3x3) matrix element in equation (3.5) is the rotational component and

has the property of orthogonality. This means that the inverse and the
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transpose of the (3x3) matrix are one and the same and this simplifies the
process of inversion. [Equation (3.8) gives the location of the contact point
in the vertical direction (z-axis) relative to the reference frame R. Hence
the change in the z-location of the contact point is Az and is obtained from

equation (3.8) as

Az = - (r Sa - s) Cessa (3.9)
From this it can be inferred that due to steering about an inclined column,

the front wheel drops by a distance Az.

3.3.4 Effective Steering Angle

This sub-section is to provide an analytical expression to compute the
effective steering angle (ese). The effective steering angle is the angle by
which the steered wheel has actually turned in the XY-plane of the AGV as a
result of the steering angle es about the inclined steering column. For an
AGV with a straight steering column, this angle is the same as the steering

angle 6 .
s

The (3x3) rotation matrix in equation (3.5) can also be obtained by
performing rotations about the three principal axes located at the origin of
the hip/steering coordinate frame as shown in Fig. 3.4. The x, y and z axes
are parallel to that of the reference frame. First the yaw rotation (9“) is
performed about the z-axis of the original coordinate frame. This is
followed by a rotation (8) about the new (transformed) y-axis. Finally the
rotation y is carried out about the x-axis of the transformed coordinate

frame. These operations are shown in Fig. 3.5. The overall transformation is
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Rot(eu, B, 7) = Rot(z, 6") Rot(y’, B) Rot{x’’, 7)

cese CB cese5357 - Selec‘l CG'eSBC‘a' + Seses‘a‘
= Se'e CB SeteSBs7 + Ce"Cw SG!GSBCV - C6.357 (3.10)
~-S C Cc,C
| e 85y 8%

Comparing the elements (1,1), (1,2) and (1,3) of the two matrices given
by the equations (3.5) and (3.10), the effective steering angle 9" can be

expressed as
8 = tan ! [ C_tan 9] (3.11)
se [+ 4 s

3.3.5 Effective Wheelbase Distance

From equation (3.7), it can be said that steering about an inclined
column with an offset distance changes the wheelbase distance between the
contact points of the steered driving wheel and the driven wheels. An
expression to compute the effective wheel base distance L‘m can be derived
from equation (3.7). Substituting Lb equal to zero, the resulting expression

for L is
ae

L =L +(rS_ -s)l-C,)C (3.12)
ae a o 6 o
3.3.6 Angular Velocity term due to Steering

An analytical expression to compute the angular velocity of the
reference frame (J:’) due to steering is derived in this section. 1his

parameter will be used in section 3.3.7 to compute the cumulative angular
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velocity (Jl = ér) of the reference frame due to driving and steering. The
rate of change of x position of the contact point due to é- is obtained by
differentiating the expression in equation (3.6) with respect to time. The

rate function x is given by

x = (r Sa - s) Ce' e' (3.13)

The velocity term X produces an angular velocity Jll about the axle carrying
the driven wheels. The distance between the contact point of the steered
driving wheel and the driven wheel is given by the effective wheelbase

distance Lu. The angular velocity is

. (r Sa - s) Ce és
Qp = = s (3.14)
L L +(rS -5s)(1l ~-C_)C

a o Os o

3.3.7 Jacobian Matrix Formulation and Forward Kinematics

For the configuration chosen for the steering column, the motion
parameters of the reference frame are the linear velocities vrx, vry and v,
along the X, Y and Z directions respectively, and the angular velocities A, €
and ér about the X, Y and Z axes respectively. The motion parameters of the
wheel are the angular velocity W about an axis passing through the wheel
center and the steering rate és about the steering axis. This thesis
considers one more parameter for the velocity formulation. This is the
angular velocity of wheel slip éc at the point of contact about the Z-axis of
the contact point coordinate frame. This is not an independent variable and

is a function of the steering rate é' and the angular velocity ér of the AGV.

Initially the formulations are carried out with the assumption that éc is an
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independent variable, and subsequently appropriate substitutions are carried

out to provide the expressions in terms of independent wheel variables.

Referring to the transformation graph of Fig. 3.3, the position
transformation for the reference frame ‘R’ relative to the instantaneous

reference frame ‘R’ can be expressed as
R S R s 17 1w, 17 Ry -
OR = [ TE ] TE °c [ Tc ] [ QS ] [ " ] (3.15)

Here the position transformation tbR is an unity transformation as the two
frames R and R are at the same location. Differentiating the expression for
the position transformation in equation (3.15) with respect to time results

in the velocity transformation

[ ’"ri]_l T EQC [ °T, ]_‘ [ " ]_1 [ T, ]-1 (3.16)

Here the elements of the transformation FTE are not available. Hence
referring back to the transformation graph, the transformation FTE can be

written in terms of other known transformations as

- - -1
F _ Fr_ R H, S c
T; = 'T; "o Rr o, °T, [ ebc] (3.17)

Substituting (3.17) in (3.16), eliminating the unity transformations RQR and

Coc, and after simplifying, one obtains
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R _ H s c: s 17 s, 1° o
AR T A T X [TC- [os] ["TH] +
Ry H . 17} Ry 17!
H % [ b ] [ H | (3.18)

The transformation matrices R’l‘H . "QS and STC are derived earlier and
are given by equations (3.1), (3.2) and (3.3). The contact point velocity
transformation Eéc is derived in the appendix. The quantity "55 is evaluated
by differentiating equation (3.2). Substituting the transformation values in
the equation (3.18) and simplifying the following results are obtained. The
transformation Rt Hp ST E& [ST ]-—l [Hd> ]'l [RT ]-l has been
H s c c c 3 H

computed to be of the following form

r A
2 2 . .
0 "(Ce‘= Sa + Ca)ec - Sa Ca (1 - Ce‘)es b14
2 2 [ ] L ]
(Ces Sa M Ca:)ec 0 Sa SOs et: b24 (3.19)
Sa Ca (1 - Ces)es —Sa Ses Gc 0 b:”
0 0 4] 0

here

b14 CG: Voo o Ca Sa' vcy +( - Ce') (r Sa - S)Ca - Lc Soc Ca (1 - CGn) +

2 2, ;2
(La - Lb) (Ca + Co, Soc) ] 8,

[

2 2 2 2 .
b24- Casesvcx+(sa+ce'ca)vcy+ (sSe‘+Ld(CesSa +Ca))9

- Ld coc 9c

b = S Sge Yex - Cos )Sa Ca Yoy | tw, - Lb) Sa See *
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)18

c

Ld Sa Ca 1 - Ce.

The term RT "@ [ H
H 3

and simplifications yields

-1 -
os ] [ RTH ] of equation (3.18) after substitutions

" -
0 Ca 6' Sa 6'I (s + (1 ~ l.)Ca) G'
. -1. Cc @
Ca 9. 0 0 d o s (3.20)
-Sa 98 0 0 -lu Sa 9‘
] (0] 0 0 0

The overall transformation for the inertial frame velocity R&?R. which is the

sum of the two matrix expressions (3.19) and (3.20) is given by

0 B 1
12 13 14
le 0 Bza 824
(3.21)
le Baz 0 Ba4
| o 0 0 0 |
Where the elements of the matrix are
= - 2,28 : . - . .
Blz = (Ces Sa + Coc ) Bc + Ca 9' ; B13 (1 Ce‘ ) Sa Ca ec + Sa 6'I
14 = CQ: ch - CO'. SG: vcy + [ (l - Cen) (r sa - S) Ctx - Lc Sa Cd. (1 - ('93)
2 2 ] []
+(L°-Lb)(ca+cessa)lec +(s+(Lb L‘)Ca)es
B = (C, s> +¢c%)8 - C_8 B = S S 6
21 0s & o’ e o s ! 23 0s o ¢
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2 2 2 2
324 = Ca SG- vcx + (Scc + CO- CO'.) vcy + (s SO: + Ld (CG: Sn'. * Ca) Ye, -
Ld Ca 9‘
By, = -Cg) Sy Cp8, -5, 8, ; By, = -~ Sg, Sy 8,

B:M Sa SGI vcx - - ce-)sa Ca vcy +1 (Lu - Lb) Soc SB:

+LdSaCx(1-Ces)]0c- L.Sae'

The elements of this transformation and those in equation (A.59) in the

appendix can be compared, and the AGV motion parameters { Vo vry, v ér,

st : ops .
€, A} can be expressed in terms of the wheel velocities Ve Vo Ver 6c

and 5' as
vrx = BM = Ces vcx B Ca SBs vcy +La - Ces) (r Sd. - s) Ca -
2 2 °
Lcsacau-C99)+(La-Lb)(Ca+CBsSa)]ec+
{s + (Lb - L‘)Ca } 6 (3.22)
v =B = C S v +(SZ+C cAH vy +{s S, +
ry 24 & Os cx a Os o cy Os
2 2 * > .
Ld (CBs So:. + C'x) ); 9c - Ld Ca es (3.23)
vrz = B34 = Sa SGs vcx - - Ces)sa CO'. vcy + (La - Lb) sa SGS
+ Ld Sa Ca (1 - Ces) ] Oc - La SOL 9‘ (3.24)
6 =B_ = (C, s> +che - c & (3.25)
r 21 s "« a ¢ ¢ s )
€ = le =~ (] - Ces) Sa Ca Oc + Sa 9' (3.26)
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A=B = S. S 6 (3.27)

The linear and angular velocities of the wheel (v , v , v , 6, 6 y
cxX cy cz c ]

in terms of the independent wheel variables are given below :

The linear velocity of the wheel Voo along the x-direction is equal to
zero. The linear velocity of the wheel (vcv) in the direction of travel of
the wheel is given by the product of the angular velocity of the wheel (wx)

and the wheel radius (r), i.e.
v = 0 v = row and v = 0 (3.28)

The steering rate (és) is an independent variable. The angular velocity of
the AGV is composed of components due to wheel speed and steering rate. The

component due to wheel speed can be derived from Fig. 3.6 as below.
g =X B (3.29)

The quantity e“ is the effective steering angle given by equation (3.11).
The distance Lne is the effective wheelbase distance and is given by equation
(3.12). The comPonent (Jll) due to the steering rate has been derived earlier
as in equation (3.14). Hence the angular velocity ér of the AGV about the

reference frame is the sum of these two rates and is given as
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(3.30)

Substituting the equation for ér from (3.30) in equation (3.25), the angular

velocity of the contact point in the XY-plane can be expressed as

. rw S (rS -s) C. @
9c= 1 - . [ la-c‘ Ose . o. - Os s +C o ] (3.31)
(C. S + C7) ae ae b
s a o
Equation (3.31) for éc is substituted in equations (3.22) to (3.27). From

this, the AGV velocity terms { v vry, v, ér, €, A }t can be expressed as

a function of the independent variables of the wheels (wx. és)t in a matrix -

form as below :

v d d
rx 11 12
v d21 d22
ry w
v d_ d, U
R : 6 (3.32)
0 d d *
r 41 42
dSI dSZ
A 0
o J L 62 p
fe. {v.v ., v,0,ei=111(uw,06 (3.33)
rx ry rz r x s

[J] is the Jacobian matrix of the steered driving wheel with an inclined
steering column and an offset distance and is a (6 x 2) matrix, i.e. over

determined system. The coefficients of the Jacobian matrix are
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11

12

21

22

31

32

]

2 2
-CaS r+[—sCa(I—Ce.)'*(L‘-Lb)(Ca+C9'Sa)]

O

r S

1 [ » 9"] (3.34)
(C. S

s o

1
2

2 2
[-sCa(l-Ce‘)"’(L.“Lb)(Ca"'Cana)] (C. s +Cz)[

s o
(rSa - s) Ce'
T + Ca] + 5 + (l.b - La)Ca (3.35)
ae
2 2 2 2 1
(Sa + Ce. Ca) r+ [s Se' + Ld (Ca. Sa + Ca)] 5 > [
(C, S + C%)
8s « o
r Sele
- ] (3.36)
ae
(rS -s) C
sS +L (C. s?+cC? ! « % , ¢
Os d O « o 2 2 L o4
(C + C ) ae
Bs O o
~-L C (3.37)

d o«

- (1 - Ces)Sa Ca r+ [(La - Lb) Soc Ses + I_d Soc Coc {1- Ces)]

! - - [r Se"] (3.38)
(Cel Sa + Co:)

ae

1

2 2 [ i
(Ces Sa + Ctx)

[(L‘ -L)S, S, +L,S,C - ce‘)]

(rSa - s) Ces

+C] -L S (3.39)
a a

L o

)



r 59“ (rSa - s) Ce'
d41 = i (3.40) ; d42 = T (3.41)
ae ae
1 r Sese
d =-(-C)S C [ ] (3.42)
51 6s a a (C Sz . Cz) L‘e
Os « o
(rS -s) C
d =-(1-¢C,)S C 1 [ el 9'+c]+s (3.43)
52 Bs o 2 2 L o a
(C. S +C°) ae
Os o
o2 = Ses Sa (3.44)

The above equations (3.32) to (3.44) are the necessary expressions to
perform the forward kinematic analysis to compute the AGV motion parameters

in terms of the wheel motion parameters.

3.3.8 Inverse Kinematic Analysis and Reduced Order Jacobian Matrix
For inverse kinematic analysis, it is necessary to compute the wheel
~ jon parameters for the given AGV motion parameters. The inverse kinematic
qnodel of equation (3.33) can be written as

t

(o, 8 =01 {v.v . ,v.,0,6i) (3.45)
x s rx’ ry

rz r

]
where [J ] is the pseudo-inverse of [J].

This equation suggests that the two unknown motion parameters of the
wheels are computed from the six velocity components of the AGV.
Nevertheless, it should be noted that there are only two velocity terms

associated with the AGV motion parameters that (an be specified
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s

independently. They are the linear velocity vry and the angular velocity ér.
The order of equation (3.45) can be reduced to

(v ,6 (3.46)

ry'/ r

(w, 6 =01
x E 3

Where J is the reduced order Jacobian formed by the coefficienis of the

*
linear and angular velocity vectors vy and 6r respectively. The inverse
T

model provides an unique solution if and only if the inverse of the reduced
order Jacobian J exists. This requires that the determinant of the reduced

order Jacobian should not be equal to zero. Equation (3.46) can be rewritten

as
w d -d v
‘x - 1 42 22 .ry (3.47)
e det -d d e
s 41 21 r

Where dzx' d42, d“ and dzz are given by equations (3.36) to (3.41), and det

is the determinant of J, and is

det =d_*d_-d *d (3.48)
21 42 a1 22

3.4 Criteria for Path Controllability of AGVs with Steering Column
In this section, criteria for non-redundant path controllability is
investigated using the determinant of the reduced order Jaccbian matrix

(3.49) derived in the previous section. Substituting the values of d21. d42

d“ and d22 from (3.36) to (3.41) in the determinant equation (3.48) and

rearranging the terms, the f(llowing decision equation is obtained




2.2 3 2 2 2
L r { Casa (s rSa) Ces - (s - rSa) Ce. + Sa Ca (s - rSa) Ce. +

s Ca Ses Sese } =0 (3.49)

The expression on the left side of equation (3.49) becomes zero while
the polynomial function in 9‘ tends to zerc (providing a set of conditions)
in addition to the two trivial conditions (r = O and Lme = 0) If L.e is
zero and r # O, then the vehicle is a mono-wheeled vehicle, i.e. a vehicle
with only single wheel. A mono-wheeled vehicle has kinematic singularity and
is uncontrollable. Considering the solution of equation (3.49) for different

steering column configurations shown in Fig. 3.7, the following results are

obtained.

3.4.1 Steering Column with Inclination and no Offset Distance
Substituting s = O in (3.49) and observiag that Sa is non-zero, one

obtains the following after simplifications:

2.2 A2 2 .2

. - ) =

i.e. r Sa Ces ( Casa o5 Ces + Sa Ca ) 0 (3.50)
The conditions for equation (3.50) to vanish are

i) cC_ =0 ====> e =n/2 and/or

Bs s

ii) The solution for the quadratic expression in cosine of 8 is

1+1  _ 20121)
2 s?c? Sin2a
o o

In this expression, the denominator cannot be greater than one whereas the

numerator can be either O or 4. The value 4 for the numerator is not valid
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as Ce. can never assume a value greater than one. Hence the valid solution

is Ce' = 0.

i.e. 9' =(2n +1) /2, wheren=0,1, 2 ,... (3.51)

Theorem - 3.1 : For an AGV with an inclined steering column, the path
controllability exists at all steering angles except at
(2n+1)n/2, wheren =0, |, 2, ...

3.4.2 Steering Column with Offset Distance and no Inclination
The condition equation for an AGV with a straight steering column with
only an offset distance (s) is obtained by substituting @ = O in equation

(3.49) and is
s(2¢C -1D=0 (3.52)
Os

Conditions derived from this are
i) s = 0, which is never true for the case under consideration. (3.53)

ii) The solution for the second order polynomial in cosine of 9‘ is

e' = (2n+ 1)n/4, and n =0, 1, 2,.. (3.54)

Theorem - 3.2 :For an AGV having a straight steering column with an offset
distance (s), the determinant is non-zero for all steering
angles except for (2n+1) n/4, where n = 0, 1, 2, ...

3.4.3 Steering Column with no Offset Distance and no Inclination
This configuration is widely used in most of the AGVs. For this case,
the criterion for the presence of singularity is obtained directly from

equation (3.53). This equation suggests that if the offset distance s is
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equal to zero, the determinant becomes zero for all values of the steering

angle. This configuration should be avoided for kinematic control of AGVs.

Theorem - 3.3 : An AGV with a straight steering column (¢ = 0) and no offset
distance (s = 0) does not provide path controllability for
all values of steering angles.

3.4.4 Steering Column with Inclination and Offset Distance
For this case no analytical solution exists due to the presence of the

term (s Ca Se‘ S “) in equation (3.49). However one can make an observation

e
that this is a combination of cases #1 and #2, and hence the presence of a
zero determinant in one configuration is canceled by the other and vice

versa. It was also numerically established that the determinant is non-zero

for all values ¢f steering angle.

Theorem - 3.4 :An AGV with an inclined steering column and a non-zero offset
distance provides path controllability for all values of
steering angles.

3.5 Path Controllability of AGVs with a Differential Drive

In this section, the path controllability of a differentially driven AGV
is studied. The kinematic equations are derived from the generic kinematic
model presented in section 3.3. The wheelbase configuration for the
differential AGV is derived from the generic wheelbase considered in
Fig. 3.1. A differentially driven AGV with two driving wheels on either side
of the geometric center of the AGV and two casters one at the front and the
other at the rear is shown in Fig. 3.8. The two driven wheels in Fig. 3.1 are
replaced by two driving wheels. The front and rear driving and steered wheels
of Fig. 3.1 are replaced by free wheeling casters. There is an offset

distance between the point of contact of the casters and the pivot axis. The
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usefulness of this offset is explained in Appendix. A. The following
formulations present the kinematic equations of motion and the criterion for

path controllability.

From equation (3.21), the transformation R&g for any driving and steered

wheel can be written as

0 BIZ Bl3 Bl4
- B 0
RQR = 21 23 24 (3.55)
BSI B32 0 834
| o 0 0 0

Where the elements of the matrix are

#

2 2 * L] - _ _ ® L[]
(CGB Sd. * Coc ) ec * Ca es ' BIB N a Ces ) SOL Coc 9c * Sa 9s

12

14 = CBs vcx - Ca SBs vcy +1- Ces) (r Soc - s) CO(. - L'c Sa Ca 1- CBs)

2 2 . .
+(La—Lb)(Ca+CesSa)]9c +(S+(Lb-La)Ca)es

S .
21 s « a ¢ a s 23 Os a ¢

- 2 2 2 20y 2
B?‘ ca Ses vcx + (Sd. + Ces Ca) vcy + (s Ses * Ld (Ces Sa * coc) } ec
L C 6
d & s
B31 =u- CGs) Sa Coc ec - Sa es ' BSZ = - SGs Sa ec
= - - } - <
834 Sa Ses vcx 1 ces'sa Ca vcy +1 (La Lb) “a Ses

+Ldsaca(1-c9s)]ec- La Saes
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Referring to Fig. 3.8, the following conditions are derived from the

geometiry of the vehicle for an AGV with differential driving :

a) The steering angle e‘ 90 degrees and is a constant value.

b) The steering rate 6 = 0
¢) The offset s= 0
d) The inclination a= 0
e) The velocity terms v_=v =0
cX czZ
f) wheel #1: L= L ; L = (L +L) ; v =ruw
b 1 a 1 2 cy x1
wheel # 2 : L. = -L_; L =-(L +L) : v =ruw
b 2 a 1 2 cy x2

Substituting conditions (a) to (e) in the matrix equation (3.55), the

resulting expression is

r -. - _ L[] -
Q Gc 0 SBs vcy +(La Lb) Bc
. 0 0 0 C. v +L 6
[R‘b ] = c s cy d ¢ (3.56)
R 0 0 0 0
o o 0 0 ]

From equation (3.55), the velocity transformation for the driving wheels 1
and 2 can be obtained by substituting the conditions presented in (f). The
result of this substitutions is as follows. The velocity transformation for

Wheel #1 is
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0 —ecl 0 -r w oo+ L2 r “’xx/(Lx+Lz)
- 0 , 0 0 L, ro /(L4
[ ¢ ] = ¢ x (3.57)
0 0 o 0
o ) ) 0 ]

where the term écl is computed from equation (3.25). Substituting the
conditions (a) to (f) for wheels #1 and #2, the angular velocities of the

contact points for the two wheels are obtained as

. ro., . -ro.,
961= B _+___L ) and 9c2= —————(L + L) (3.58)
1 2 1 2
The velocity transformation for wheel #2 is
0 -8, 0 -row -+ I_l r wxz/(Ll+L2)
= 6, © 0 L, rw /(L L)
[ ¢ ] = ¢ * (3.59)
0 0 0 0
| O 0 0 0 ]

Since the vehicle is driven by two driving wheels, the resulting motion

equations of the AGV is obtained by summing the motion equations for each

wheel. The expression to compute the cumulative velocity transformation RHR

is
o * R% (3.60)

The cumulative velocity transformation RﬁR is derived by summing the results
presented in equations (3.56) and (3.57), and substituting (3.58). The

general form of the motion equation for the differentially driven AGV is
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found to be of the form

- . r
0 er 0 r‘(“’xl+ “’xz) * W;)(szxl * Llwxz) 1
- ) 0 ) L r (0 -w ML +L)
R“R = r d x1 x2 1 2 (3.61)
o 0 0o 0
| 0 o 0 0 |

Here ér is the angular velocity of the reference frame R relative to the

frame R and is

De
1}
De
+

r
r cl ecZ - le + LZ) (wxl - wxz) (3.62)

The elements in the 4th column of the matrix in equation (3.61) are the

linear velocities (vrx, vry, vrz) of the instantaneous reference frame R
relative to the frame R. Rearranging the linear and angular velocity terms
in a matrix form. the following form is obtained for the motion equations of

the reference frame.

vrx LL Lz W
x1
v - r Ld -Ld (3.63)
i (L+L) w
1 2 x2
2] 1 -1
ol

The equation presented in (3.63) is the forward kinematic model to compute

the motion parameters of the AGV in terms of the wheel motion parameters.
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The inverse kinematic mode! computes the wheel speeds required to follow
a desired velocity profile. The linear and angular velocities of the vehicle
are provided as inputs to the system of equations. In order to compute the
wheel speeds it is necessary to invert the matrix equation (3.63). Though
there are three parameters on the left hand side of equation (3.63), it

should be noted that there are only two independent variables LA and er.
The variable vry can be obtained by multiplying the equation for ér by a
constant Ld and hence it is a dependent variable. Eliminating the dependent

variable, equation (3.63) can be expressed as

(3.64)

This equation (3.64) is in the standard form with a non zero determinant

for all values of Ll and Lz' The inverse model is given by

w -1 -L v

x1 = % 2 .rx (3.65)
w -1 L e

x2 1 r

From equation (3.65), it can be concluded that a differentially driven AGV
provides unique values for the wheel speeds in order to generate the required
values of linear and angular velocities. It should be noted here that the
distances Ll and L2 which are one half of the wheel span and are never equal
to zero. Equation (3.65) is not a function of steering angles as the vehicle

configuration chosen does not have steered wheels.
Theorem - 3.5 :An AGV  with a differential drive provides path

controllability for all values of the geometric parameters Ll

& L2 {which are never equal to zero).
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3.5 Summary

A criterion for non-redundant path controllability for kinematic control
of AGVs is derived in this Chapter. The term non-redundant path
controllability signifies the absence of kinematic singularity (Theorem-3.5).
From the criterion it has been established that the differentially driven AGV
does not exhibit kinematic singularity and hence is the preferred
configuration in this thesis. Moreover, in the case of differentially driven
AGVs, the mathematical expressions are simpler and the geometry of the
vehicle is also simplified due to the absence of a steering mechanism. The
other advantages are (1) the vehicle can spin about the geometric center at a
minimum radius which is equal to one half of the wheel span and (2) the
vehicle can travel in the forward and reverse direction. These features are

absent if one considers a vehicle with a steered driving wheel at the front.

One could resort to a vehicle with front and rear drive and steer. The
kinematic formulations in this case are complex and there will be four
degrees of freedom to manipulate in order to achieve the motions provided by
a differential drive. Vehicles with a vertical steering column without
offset are not path controllable (Theorem-3.3). They are therefore not
suitable for kinematic control. On the other hand, Theorem-3.1 has shown
that vehicles with an inclined steering column but zero offset are path
controllable, except when the steering angle happens to be (2n+l)n/2. And
Theorem-3.2 has established that vehicles with a vertical steering column and
a non-zero offset are path controllable, with the exception at a steering
angle of (2n+1)m/4. It can be seen from Theorem-3.4 that AGVs with an
inclined steering column and a non-zero offset are path controllable at all

values of steering angles. From these discussions one may conclude that
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vehicles with a differential drive and vehicle with a steering column offset

and/or an inclined column are suitable for kinematic control purposes.

The analysis presented in this chapter further shows that other
parameters need to be taken into account in choosing a particular wheel. For
example, where the steering column is inclined at an angle, extra degrees of
motion are introduced; motion in the vertical direction and roll of the
steered wheel. In the case of non-zero offset, one has to drag the steered

wheel to the side during steering, implying a larger steering torque.

The kinematic modeling approach presented in this chapter is
sufficiently general to apply for any other wheel configuration. This is
demonstrated in section 3.5 where the kinematics of a differentially driven
AGV has been derived. A similar approach can be extended to analyze vehicles
with multiple driving and steering columns. Although the transformation
approach adopted in this thesis appears to be complicated, it has the
definite advantage over, for instance, a vectorial approach, because it
provides a systematic approach which can be converted into a generalized

algorithm to generate a solution on a digital computer.
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CHAPTER 4

GUIDANCE SYSTEM

4.1 Introduction

The guidance system adopted by the autonomous vehicles described in the
literature are discussed in Chapter 2. An autonomous vehicle requires some
kind of guidance system in order to move from one place to the other. The
type of guidance scheme employed depends on a variety of factors. The factors
that affect the selection of a guidance scheme are, the type of function
performed, the environment in which the vehicle is functioning, the desired
level of tracking accuracy, the volume of operation and the cost. The type
of function performed may be a simple material transportation task from one
place to the other or the most complicated task of carrying components from
machine tc machine in order to ca.ry out assembly operations. The latter
task requires accurate tracking and parking at low speeds near the machines.
The environmental factors are whether the AGV is used in a shop floor, a
dirty mine, a clean office floor and under water applications. The tracking
and parking accuracies are dictated by the task that the vehicle is expected
to perform. The volume of operation determines how much flexibility is
required in changing the path in order to achieve maximum utilization with
least down time. The cost also plays a significant role and in most cases, a

trade off is set between cost and the performance.

The guidance scheme for implementation on the experimental vehicle is
presented in this chapter. This thesis employs the binary digitizing camera
vision as the guidance method. The track that describes the trajectory to be

followed by an autonomous vehicle is prepared using a mediurn that provides



high contrast for the camera. The camera takes a picture of the floor and
subsequently an image processing scheme analyzes the image. From this the
instantaneous position and orientation of the wvehicle (AGV) relative to the
track are evaluated. This information is used to steer the vehicle in the

proper direction in order to achieve the desired level of tracking.

It is believed that the employment of binary digitizing camera for

guidance is a preferred choice for the following reasons :

e For this type of guidance, a track that is prepared by using a tape or

painting the floor is quite sufficient. Hence the installation and

maintenance costs are minimal compared to the other schemes.

The camera vision scheme provides a wider field of view (consists of large
number of picture elements) compared to the other schemes which rely on a
single point (wire guidance) or a small confined area (optical guidance).
This facilitates better control of the vehicle and also makes it possible
to recognize complicated track features such as exits, cross junctions

etc.

The wire guidance monitors the intensity of a magnetic field as generated
by the energized wire-loop. Since field intensity is inversely
proportional to the square of the distance of the sensing device away from
the wire, it is important to maintain the distance fairly constant for
this distance. It is r orted that in such an installation, the floor has
to be maintained within 1/4" of flatness over the length of the track of
20 feet. On the other hand, by using camera vision to monitor the track

on the floor, the image generated is relatively unaffected by the distance
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between the camera and the floor. The installation costs for the
tape/paint in the case of camera vision guidance is insignificant compared

to the wire guidance.

® A binary camera is preferred to a CCD camera that provides colored images
or images with a large number of shades of gray. In the case of CCD
camera, one has to perform extensive pre-processing (filtering and
thresholding). A CCD camera is relatively more expensive than the binary

camera that is being adopted in our vehicle.

One can resort to a simple technology for a binary camera, namely one
that is based on the optical property of dynamic RAM chips (known as

Optic~Rams). This technology is cheaper to implement and simpler image

processing schemes are used as no threshold is required.

In section 4.2, image processing algorithm is presented. Section 4.2.1
describes a methodology to extract the valid track information from a frame
of image taken by the camera. This provides the location of the center line
of the track image in the camera window. From this track information, an
image analysis algorithm computes the position and orientation of the
longitudinal axis of the vehicle relative to the track. This is provided in
section 4.2.2. This information is used by the control schemes described in
Chapter S to ensure that the vehicle follows the desired trajectory.
Section 4.3 details an algorithm to identify a set of primitives that are
composed of left and right turns. From the primitives, road sign
combinations are derived and are used to perform flow control of vehicle in a

manufacturing environment. The experimental vehicle is provided with a track
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layout consisting of a circle and two diagonal lines to demonstrate the

ability of the algorithm to identify the road signs.

4.2 Image Processing Algorithm
4.2.1 Noise Filtering Technique

A camera frame contains noise signals in addition to the valid track
information. Noise is caused by variations in the reflectivity of the floor,
floor unevenness, presence of dirt particles and irregularities of the pixel
characteristics. A noise filtering algorithm is used to extract the track

information.

A sample image frame obtained using a binary digitizing camera is shown
in Fig. 4.1. Each row is scanned from column-0 to column-15. Each column
corresponds to 8 pixels (one byte). For each row, an image is defined as a
dark area bounded by white pixels. Several such images may be present in a
frame with one of them corresponding to the track. During the scanning
process the number of pixels in each image encountered and its location in
each and every row are recorded in an image data table. Thus, this table
contains information about the starting location of all the images and the
number of dark pixels in each image. Table. 4.1 illustrates an example of
the image data table prepared using the algorithm described above for the

sample image shown in Fig. 4.1

The second phase of noise filtering is to extract the valid image data
from the image data table. A minimum value is chosen for the number of
pixels for an image to qualify as the track image. It is assumed that the

number of pixels in noise is less than this minimum value. In the present
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case, this minimum value is set at 2 bytes (16 bits).

The image data in each

row for that column is considered to be acceptable if the pixel count in that

data exceeds a minimum prescribed value.

accepted as the valid image.

presented in Table. 4.2.

For each row, only one image is

This results in a modified image data table as

Row Image - 1 Image - 2 Image - i
Count| Loc [Count| Loc {Count| Loc

5 20 25 40 25 84

2 4 21 26 38 24 84
m-1 25 32 o 5 106
m 24 30 o 10| 105
m+ 1 26 28 0 71| 107
k-2 24 22 (o] 60
k-1 25 20 0 6 62
k 26 18 o 15 61

Table. 4.1.

Sample Image Table before Noise Filtering

Row

1

2

m~1

m

m+1

k-2

Counts, Loc

25,40)26,38/{...

25,32

24,30

26,28]...

24,22

25,20

26,18

Table. 4.2. Sample Image Table after Noise filtering

4.2.2 Image Analysis

This section

describes

the

image

analysis

scheme

to

extract the

parameters of steering control for track following from the camera image.
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These are the position offset (ed) and the orientation offset (ee).

Position Offset (ed) : It is defined as the perpendicular distance between
the center hne of the track image and the center

line of the camera image window.

Orientation Offset (ee) : It is the angle between the direction of travel by
the AGV and the direction pointed to by the track

center line.
The equation of the center line of the track is of the form
y=mx+c (4.1)
Where m is the slope of the track, and c is the offset from the center line
of the camera window. Owing to noise problems the edges of the track image
may not be clean and hence it is necessary to employ the method of least

squares [74, 75] that provides the best line fit to a given set of data.

Equation (4.1) has two unknowns (m, c) and there are n equations due to

n rows of image data. This is written as

x 1
T 1
x2 1 m
{ Y, Yy e y, } = o (4.2)
c
x 1
- n -
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Here Yoo Yy e ¥ represent the rows, R , X are the
corresponding column locations of the center line of the track. The
superscript T is used to represent the transpose of a column vector. Using

the method of least squares presented in references [74, 75), the solutions

for the unknowns in equation (4.2) are presented below.

[¥Ly-Lx[w - IxD
n]x® - [ )° nf x* - ([ x°

(4.3)

Substituting y = 0 and x = £, in equation (4.1), an expression for €, in
terms of m and c is obtained. Referring to Fig. 4.1, an expression to

compute the orientation offset g is derived. These are given below.

€, =-c/m gy = tan™ (1 / m) (4.4)
Control laws that make use of these information for vehicle guidance are

discussed in Chanrter 5.

4.3 Algorithm to Identify Road Signs

One advantage of the camera vision described in this thesis over the
other guidance schemes is that it can identify junctions on the floor. The
image processing algorithm has b:en modified to identify junctions and take a
left turn or a right turn or travel straight. The instructions concerning
the turning options are either provided in a script file before starting the

AGV or provided on-line with the help of a remote supervisory computer.
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The algorithm presented here identifies a set of primitives. The
primitives that are recognized by the AGV are shown in Fig. 4.2. There are
two sets of primitives. The first set is composed of a left turn (Pll) and a
right turn (P12) primitive. The second set is a combination of straight
travel option with a left (P21) or right turn (P22). The algorithm to

identify a junction and the turn signs is described below.

The presence of a road sign is indicated by a sudden increase in the
track width by two bytes. This change in the track width is sensed by the
image analysis algorithm presented in section 4.2.2. This sets a flag called
imageok_flag to -100. For normal running, this flag is set to 0. An
intersection may consist of a left turn, right turn and combinations of these
with/without a straight travel option. After the imageok_flag is set to
-100, the corresponding image is further analyzed to identify the existence
of the primitives. This process continues until the imageok_flag is set to O
due to the normal track width or to 100 due to the absence of image. The

following discussions are on the process of identifying the primitives.

The presence of a dark pixel in the zeroth pixel of the frame for at
least ten rows indicates the presence of a left turn. A value of 1 is then
assigned to the left turn flag. Similarly for the right turn, the pixel at
the 128'“h column is checked. If it is dark, then a right turn flag is set to
one. Since the images received after detecting the presence of a turn signal
are used to detect the existence of the left and right turns, the flag
generation based on this scheme provides consistent results. This scheme has

been implemented and has been found to be 1007 successful.
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The travel straight option is sensed by a change in the track width from
large (45 pixels) to normal size (30 pixels) after detecting the turn signal.
This results in the change of imageok_flag from -100 to 0. The presence of a

straight travel sets up a flag called straight_flag to high (logic 1).

Based on the algorithm described above, a set of road signs can be
recognized and are shown in Fig. 4.2. There are two sets of road signs. The
first one is a combination of the first primitive set (P11 + P12 = Rl) and
has a left and a right turn sign on the floor. The second road sign is
obtained by adding the second set of primitives (P21 + P22 = R2). This
results in a left turn, a right turn and a straight travel option.

Figure. 4.3 presents the turn flags generated for the road signs.

4.4 Summary

This chapter presents a guidance scheme for AGVs which has the advantage
of being functionally effective and economical from the cost point of view.
The binary camera vision scheme described in this chapter relies on a large
number of pixel data on the floor and hence the position and orientation of
the track relative to the vehicle can be extracted directly without having to
use additional sensors and vehicle geometry. In addition to this, it also
provides additional information concerning the track to be followed such as
the road signs (turning options) on industrial highways to service several
work stations. Since the images received from the camera are simple in
nature, primitive image processing techniques are employed. Finally, the
track can be easily modified and hence the provision of flexibility in terms

of installation. This in turn reduces the installation and operating costs.
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CHAPTER S

GUIDANCE CONTROL SCHEMES TO FOLLOW TRACKS ACCURATELY

5.1 Introduction

This chapter presents three approaches for guidance control of the
vehicle so that it follows the track accurately. The first approach is a
conventional approach. In this approach, the vehicle follows the track
profile based on the track information available at that instant. This is a
feedback system where the guidance system identifies the deviation of the
vehicle path from the track (error) and takes a corrective action thereafter.
This control scheme assures track following of a small segment in the
vicinity of the camera. In the present case, it is the front end of the
vehicle. As a result of this, the rear end of the vehicle may not be aligned
with the track all the time. Instead, it follows a path profile which is
described in the literature as tracktrix [73]. The concept of tracktrix can
be explained below. Two points A and E are chosen at the two ends of an
inextensible string or a rod. According to the definition of tracktrix given
by Yales [73], it is the path of the particle or point E pulled by the
inextensible string whose end A moves along a line. [Examples for tracktrix
are, the path traced by a toy wagon pulled by a child and the path traced by
the rear wheel of a bicycle. This approach is sufficient for applications
requiring road following without much consideration for accuracy. This

guidance control scheme is outlined in section S.2.

If the application requires track following of the front and rear ends
of the vehicle, the following approach is recommended for guidance control.

An application requiring this criterion is the parking of the AGV close to



the workcell. This has to be accomplished in a short interval of time. In
this scheme, an additional camera is employed at the rear end of the vehicle.
A method to identify the geometric nature of the track is provided. Control
laws that make use of the feedback information from the front and rear
cameras are defined to achieve faster reduction in the deviation of the
position and orientation offsets from the desired values with minimum
overshoots and oscillations. The control laws are chosen based on the
presence or absence of curvature and also based on relative location of the
longitudinal axis of the vehicle relative to the track. The gains are
modified on-line to achieve proper tracking. This scheme is explained in

section 5.3.

The guidance control schemes mentioned so far do not make use of the
track information available during the elapsed time interval nor do they
predict the nature of the track and the parameters of steering control (ed
and ee) ahead of the vehicle. In addition to this, if there are breaks in
the track profile, the vehicle cannot proceed and in most cases the vehicle
is commanded to stop. For this purpose, a scheme that is intelligent to
identify the geometry of the track and provide guidance control is
recommended. This scheme is described in section 5.4. In this scheme, using
the parameters of steering control (ed and ee) during the elapsed time
interval the motion parameters (ml and wz) of the vehicle during the same
interval, and a model of the vehicle, the geometric profile of the track on
the floor is identified. From the identified track profile, the track
profile ahead of the vehicle is obtained by extrapolation and information
concerning the parameters of steering control for future travel is derived.

The vehicle is steered based on this information and a driving criterion.
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The criterion depends on the positioning of the AGV on the track. Several
possible criteria are discussed. The criterion used in this thesis ensures
that the contact patches of the front and rear casters are on the track. A
control law is defined to steer the vehicle in the proper direction based on
the difference between the desired and actual values of the parameters of
steering control. Further, the coefficients of the computed geometric

profile are adjusted using the most recent data.

5.2 Guidance Control Scheme Using Single Camera
5.2.1 Objective Function

In this scheme, the wheel speeds are computed by converting the
parameters of steering control into steering angle command. The objective of
the control scheme is to achieve proper tracking of the small segment of the
vehicle.  This is defined depending on the geometric nature of the track and
the driving criterion. The term proper tracking is defined below for two

track profiles.

of steering control should be

Straight Line Tracks : The parameters £, and g

minimized such that they become insignificant or within the limits set by the
user for accurate tracking. The driving criteria is such that the
longitudinal axis of the vehicle should coincide more or less with the track.
Hence for straight line tracks the following conditions are defined for

proper tracking :

€, £ Qand e, & 0 (5.1)
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Tracks with Curvature: The deviations of the parameters €, and €g from the
desired value should be minimized for accurate tracking. In the case of
tracks with curvatures it is necessary to define which point on the vehicle
should be on the track. If the driving criterion is such that the camera
center be on the track, the position offset (e d) should be equal to zero and
the orientation offset (ce) should approach a value which is characteristic
of the track profile on the floor. The desired value of (ee) is computed

from the geometry of the track. The criterion for proper driving is given by

€, & 0 and gy * 0 (5.2)

The experimental vehicle has a diamond shaped wheelbase configuration with
two driving wheels on either side of the geometric center and support casters
at the front and rear. For this vehicle, another criterion can be defined
and is that the front and rear casters should be on the track. For this
criterion the position offset (cd) does not become zero and has a definite
value in addition to the non-zero orientation offset (ee). Again, from the
geometry of the vehicle and the track, the desired values of the parameters

are computed.

e, *0 and £y * 0 (5.3)

A proportional controller which simply amplifies the deviations of these
offsets from the desired value and providing a steering angle command to the
wheels is presented below. A PI-Controller, i.e. proportional and integral
controller is also proposed. In the implementation, the integral of the

position offset alone is used. This is because of the fact that the
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computational errors in evaluating the orientation offsets are larger
compared to that of the position offsets due to the restricted camera window
dimensions. This also suggests that the gain value fer the orientation
offset should be smaller than the gain for the position offset. A derivative
term (i.e. PID) is not used as overshoots resulting from the integral are

controller are necessary to achieve faster error reduction.

In the implementation, the curvature of the track is not checked
(straight line or curved) to find out which objective function need to be
used. Instead, in order to provide non-zero steering angle commands while
following tracks with curvatures, the wheels are provided with only the

incremental change in the wheel speeds.

5.2.2 Computation of Steering Angle Using a P-Controller
A control law to compute the steering angle 6s is defined in terms of

the position and orientation offsets as

0 =G ¢ +G_¢ {5.4)
1 d

Where Gl and G2 are gains to amplify the error signals. The magnitude of

these gains have to be properly selected in order to avoid instabilities.

5.2.3 Computation of Steering Angle Using a PI Controller

A variation of the controller presented above is a Pl (Proportional and
Integral) Controller. A proportional controller reduces the steady state
error to zerc only asymptotically. Therefore a PI controller is a better

choice. Addition of an integral term provides memory and overshoots. Memory
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is required to follow track profiles with curvatures for which the track
parameters should not be equal to zero. The track features should go to zero
at steady state only in the case of straight line tracks. The overshoots
resulting due to the integral term minimizes the deviation of the track

parameters from the desired value at a faster rate.

The control law to compute the steering angle 6, is defined as

e = Glt:6 + Gzt:d + Gsf €, dt (5.5)

where Gx’ 02 and 03 are gains for error amplification. The AGV control is

based on discrete time functions and hence equation (5.5) can be rewritten as

n
8 (n) =G eyn) + G, e (n)+G, Z;x AT e (i) (5.6)

Here AT is the sampling time of the AGV control loop. From equation (5.6},

the steering angle at time interval (n-1) can be written as

n-1
6 (n-1) = G g (n-1) + G, € (n-1) + G, LIAT e, (i) (5.7)

Subtracting equation (5.7) from (5.6) we get

Bt(n) = es(n-l) + Gl {ce(n)-ce(n-l)} + G2 {ed(n)-ed(n-l)} + 63 cd(n) (5.8)
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5.2.4 Computation of Wheel Speeds

For analysis, the wheelbase of the vehicle is considered to be diamond
shaped with two drive wheels located on either side of the geometric center
of the vehicle and supporting casters at the front and rear. Figure. S.1
illustrates the schematic layout of the vehicle considered for
implementation. By driving the left and right driving wheels at different
velocities, an angular velocity l;l is produced about the location ‘O’.  This
point ‘O’ is located at the intersection of the line joining the two driving
wheel centers and the longitudinal axis of the vehicle. The magnitude of the
angular velocity is equal to the ratio of the difference in the linear
velocities of the two wheels and the wheel span L. Assuming small

orientation angle, this is given by
\.b = — (5.9)
Referring to Fig. 5.1, the angular velocity VJ of the reference point ‘O’ or

the AGV, assuming negligible side slip is written as

V tané
SR, 4
L

ae

(5.10)

h =X
[}

where L is the effective wheelbase when the front caster is at an angle 9'
ae
relative to the longitudinal axis of the vehicle. V is the linear velocity

of the AGV. Since the casters employed in the AGV have an offset distance

s’ relative to the pivot axis, the contact point (patch) of the caster
trails the pivot axis when the AGV is in motion. As a result of this offset,
the wheelbase distance between the caster and the driving wheels does not

remain constant and varies with the steering angle. From the geometry of the
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configuration, an expression to evaluate the effective wheelbase distance L
ae

is obtained as

L = L +s(1~-cos@) (5.11)
ae a

The parameter La is the wheelbase measured between the contact point of the

caster and the rear driving wheels when the angle 9' is equal to zero. The

angle es is the steering angle of the caster, the angle between the

longitudinal axis of the vehicle and the direction of travel of the caster.

The expression provided to compute the angular velocity of the AGV is
valid for any AGV with any kind of wheelbase configuration. But for the AGV
under consideration, since there is no steered wheel and the caster is only a
free wheeling caster, the two driving wheels need to be driven appropriately
to result in an orientation es for the caster. However, there is no feedback
in this system to verify whether the caster has attained the desired steering

angie or not.

Using the information provided above and also knowing the desired linear
velocity of the AGV, one can compute the linear velocities of the two wheels
that can provide the desired angular velocity. If the forward velocity of
the AGV is V, the centers of the two wheels travel at this velocity, when the
angular velocity 121 is zero. To result in a non-zero angular velocity Jl, the
driving wheels need to be driven at a differential velocity of, assuming yaw
angle to be small,

av Y L2 (5.12)
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For a left turn condition, the sign of this velocity component is
positive for the right wheel and is negative for the left wheel. Hence the

resulting velocities of the two wheels can be expressed as

V= V-¥L/2 (5.13)
VR=V+J:L/2 (5.14)
Lae from equation (5.11) is substituted in (5.10). The resulting

expression for lzl is substituted in equations (5.13) and (5.14) and after
simplifications one obtains expressions to compute the wheel velocities for

the left and right wheels as below.

'caneﬂ L

Vp=Vvit- L+ s(1 - cose) 2 (5.15)
tanes L

Ve=V 1t L‘ +s(1 - coses) 2 (5.16)

5.3 Guidance Control Using Dual Cameras
5.3.1 Introduction

This section presents a guidance scheme that provides accurate tracking
and faster minimization of deviation of the desired values of the offsets
(position and orientation) of the rear end of the vehicle for parking
purposes compared to the single camera approach described in section 5.2.
The methodology proposed in this section employs sensors at the front and the
rear end of the vehicle. The front and rear sensors provide the position and

orientation of the front and rear of the vehicle relative to the track.
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Control schemes have been devised to speedily achieve accurate tracking of

the front and rear ends of the vehicle using this information.

5.3.2 Objective Functions

The objective is to align the longitudinal axis of the vehicle which
connects the centers of the two cameras with a chord of the track profile.
This chord is obtained by drawing a line connecting the intersection points
of the track with the perpendicular lines drawn from the centers of the two
cameras. While achieving this objective, it is also desired that the
overshoots and the time taken to achieve the accurate tracking be kept
minimum. While tracking straight lines, it is necessary that at steady
state, the position and the orientation offsets become zero asymptotically.

The objective function for straight line tracking can be defined as

e _=¢, =0 e =¢ 0 (5.17)

In the case of tracks with curvature, at steady state, the centres of

the front and rear camera windows be on the track so that the position

offsets are zero while the orientation offsets are equal in magnitude and

opposite in sign. The objective function for a track with curvature is
defined as
= =
leerl - leer| k
i =gi .18
sxgn(cef) s:gn(eer) (5.18)
€ =3 20
ar dr
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5.3.3 Methodology to Identify Existence of Track Curvature

The sign of the orientation offsets received from the front and rear
cameras are used to identify whether the track geometry has a curvature or
not. This information is needed to meet the objective functions defined in

section 5.3.2 for accurate tracking.

If the profile of the track is a straight line, the orientation offsets
of the front and rear will be same in both magnitude and sign at all times,
as shown in Fig. 5.2. This is characteristic of straight line track
following. If the track profile has a curvature, the orientation offsets
will have opposite signs and their magnitudes may or may not be the same.
This condition is illustrated in Fig. 5.3. This is true for a given range of
radii of curvature of the track and a fixed length of the vehicle. It is
reasonable to assume that these conditions are satisfied by most of the AGVs

and by the industrial tracks in the market.

5.3.4 Control Laws for Straight Line Tracks

The control laws defined in this section are based on the signs of the
position offsets €, and €, of the front and rear cameras. I}f the AGV is on
one side of the track as in Fig. 5.2, the signs of the front and rear
position offsets are opposite to each other. In order that the front end of
the vehicle cross the track faster, the AGV needs to be steered towards the
track profile. To achieve this objective, a control law of the following

form is proposed.

6 = G e, +G e, +G, { Iedrl + |edr| } sgn(e ) (5.19)
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Rear Camera

Front Camera

€r TN

~V, Je4"
T
Track f

Conditions : |egy= €or| lex] S lea|]  sgneq) = sgn(eq)

AGV Front Camera

/(V. \__,
.

Rear Camera

Track

Conditions : |eg¢= €q, ‘ leo| S es]  sgn(eq) = - sgn(eqr)

Fig. 5.2 Definition of Parameters of Steering Control for
Straight Line Tracks
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AGV
Track\ ' Front Camera

Circle Radius = 1.7 m
Camera Distance = 1.38 m

Conditions :

€1 S €y,  SON(Ey)=-50n(€p) leylSleql SON(Eq) =SON€y,)

Front Camera

Track\ AGV

Circle Radius = 1.7 m
Camera Distance = 1.38 m]

Conditions ;

€91 S €o, sgn(€y ) =-sgn(€q;) eyl Slegl SIN(eqr) =-sgn(eq,)

Fig. 5.3 Definition for Parameters of Steering Contro}
for a Circular Track
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The term es is the steering angle and the parameters Gx' G2 and 03 are
the dc gains. The approach to select suitable values for these gains is
discussed in section 5.3.6. In the equation presented above, there is an
additional command signal term compared to the single camera guidance scheme.
This is the sum of the absolute values of the front and rear position
offsets. As a result of this a large steering angle command is generated and

this makes the front end of the vehicle cross the track faster.

On the contrary, if the front and rear ends are on either side of the
tr3ck as in Fig. 5.2, it is necessary to use a different control law that
gradually brings the two ends of the vehicle as close to the track as
possible. This is achieved by employing a controller of the following form

6 =G, g, +G, eq + G, { |edf| - Iedr| } sgn(e, ) (5.20)

The difference in the two position offsets is used to steer the vehicle
in order to achieve error reduction gradually which will bring the front and
the rear ends closer to the track with little or no overshoot. The value of

gain G4 dictates the stability of the control scheme. If gain G4 is large,

the front will cross the track once again and will be on the same side as the

rear end. This results in controller switching which in turn results in
cross over of the track by the rear end. This results in oscillatory
performance.

In Chapter 9 discussions are presented for a f urther study which employs

a reference point other than the front end. This is to achieve asymptotic

12




error correction after the reference point crosses the track for the first
time. In the derivations presented so far only a proportional controller is
considered. A proportional controller does not provide zero steady state
error. It is necessary to include an integral component in the controller in

order to achieve zero steady state error.

5.3.5 Control Laws for Tracks with Curvature

If the track has a constant curvature, the objective function defined in
equation (5.18) needs to be satisfied, i.e. the orientation offsets €o¢ and
€, must be equal and non-zero in addition to the zero position offsets.

Hence if the front and rear ends are on the same of the track, the control

equation for straight line presented in (5.19) is modified as below :

6 = G, &4 * G, { €or ~ Cor } + G, { Iedfl * Iedrl } Sgn(sdf) (5.21)

In the above equation, the difference in the orientation offsets is used
instead of simply using the orientation offset of the front end only.
Similarly, for the case in which the two ends of the AGV are on either side

of the track, the control law of equation (5.20) is modified as below :

0= Gy ey Oyt o }+ O { leul - leyl | same,) 622

5.3.6 Selection of Gain Values
The magnitude of the gains are selected based on the following three
aspects

1) presence or absence of curvature (curved track or a straight line
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track);

2) the initial condition of the front and rear ends of the AGV, i.e.
when the AGV is accelerating from rest, whether the front and rear
ends are on the same side or on opposite sides of the track when the
AGV is accelerating;

3) the relative location of the front and rear ends with respect to the
track during motion after the front end of the AGV had crossed the

track at least once.

For a straight line track, the orientation offset gain can be chosen to
be zero as it is sufficient to use the position offsets for control purposes.
This is because there will not be a situation where the vehicle will follow
the track with a constant orientation offset and zero position offsets. On
the otherhand, the converse of this situation is never true. In the case of
tracks with constant curvature, the requirement of the objective function is
that the orientation offsets at the front and rear ends be equal. In order
to achieve this objective it is necessary to employ a non-zero value for gain
Gz' The value of gain G2 is chosen to be small as large values will result
in oscillations in the vehicle response. This is particularly true when the

difference in the orientation offsets itself is large.

During the acceleration stage of the AGV from rest, if the front and
rear ends are on the same side of the track, the magnitude of gain Gl in
equations (5.19) & (5.21) is chosen to be as high as possible to result in
faster crossover of the track. The magnitude of Gl depends on the curvature
of the track, and large values need to be selected for tracks with

curvatures. Since the position offset increases due to the change in track
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profile reduces the error correction performed by the control loop. This
phenomenon is absent in the case of straight line tracks. As a result of
this, gain values chosen for straight line tracks cannot be used as it will

take longer time for the vehicle to approach the track.

Once the front end of the vehicle crosses the track, and as long as the
front and rear ends are on opposite sides of the track, the magnitude of
gains (G3 and Ga) of the control law (5.20 or 5.22) are chosen to be as low
as possible so that the error correction takes place asymptotically. Gain Ga
is approximately one half of gain Gx' After employing control equation
(5.20), if the front and rear ends of the AGV once again be on the same side
of the track, it is necessary to employ equation (5.19 or 5.21) with smaller
value for gain G‘. This is to prevent the vehicle from hunting about the

track.

On the contrary if the initial conditions are such that the front and
rear ends are on opposite sides of the track, in order to make the front end
to cross the track, the magnitude of gain G4 of equation (5.20) is chosen
high enough so that the front end crosses the track and overshoots. This in
turn brings the rear end closer to the track. After the crossover, to
achieve asymptotic reduction of the tracking offsets to the desired values,
the magnitude of gain Gl is chosen to be small. Simulations are carried out
and the results indicate that this approach to variable controller gains
results in excellent tracking performance. Gains are modified in real-time
depending on whether the front and rear ends are on the same side of the

track at least once or on the same side at least once.
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5.4 Identification of Track Geometry and Guidance
5.4.1 Motion Equations and Position Transformations

The coordinate frames assigned for the AGV and the track image window
are shown in Fig. 5.4 and are explained below. A moving reference point P is
chosen on the track. A coordinate frame ‘¢’ is chosen at this point. The
location of the point P is obtained by drawing a line perpendicular to the
longitudinal axis of the camera image window from the center of the image
window (B) to the track line. The distance between points B and P is the
position offset €, and the orientation between the longitudinal axis of the

camera and the track line is the orientation offset ¢ In order to compute

o
the location of this point P in the inertial coordinates, the following

approach is adopted.

A transformation graph to compute the position of the point P from the
position of the instantaneous reference frame R is shown in Fig. 5.5. From
this transformation graph, and from Fig. 5.4, the fcllowing transformations

are obtained. The transformation to the instantanecus reference frame ‘R

from the floor frame ‘¢’ is a translation and a rotation and is given by

Fr_ = Trans(X, Y, O, 1) Rot(Z, 6) (5.23)
R r r r

The transformation from the reference frame 'R’ to the image window frame ‘I

involves a translation. The transformation is

R’l"I = Trans(Xl, Y], 0,1 (5.24)

i

The location of the reference point frame ‘P’ relative to the frame ‘I’ is
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Image Window

AGVY Casters

Track Profile

Fig. 5.4 Definition and Assignment of Coordinate Frames

Fig. 5.5 Transformation Graph for Reference Point P
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T = Trans{fe , 0, Z, 1) Rot(Z, -e_ )
da p Ba

Cos(ce.) Sin(cea) 0 €,
-Sin(e_ ) Cos(e, ) 0 0
- Oa Oa (5.25)
4] 0 1 Z )
P
(0] 0 8] 1

Here the terms € and €y, 3re the measured or actual values of the position

and orientation of the track relative to the longitudinal axis of the vehicle

as provided by the camera image analysis described in section 4.4.

Referring to Fig. 5.5, the transformation for the frame ‘P’ from the
floor frame in terms of the known transformations is
fr. = Fr. ¢ Rt It (5.26)
P R R 1 P

The transformation l-irIR is the cumulative position transformation for an AGV
with n-driving and steered wheels. In equation (5.26), position
transformation I'-’I'R replaces the term FTi EHR as FTR can be derived from the
position vector IrpR = (prx, pry. er)‘ as a translation and rotation

transformation. This is given by

[ cos @ sin @ 0 p |
r r rx
-sin 6 cos 6 o p
Fr _ r r ry (5.27)
R 0 0 1 0
0 0 0 1]
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Similarly the transformation F’I‘P is written as

cos O sin 6 0 P |
P P px
F -sin @ cos O 0 p .
T, = P P L4 (5.28)
0 0] 1 0
i 0 (¢) 0 1]

The right hand side of the position transformations for the point P on
the track is obtained by substituting equations (5.27), (5.24) and (5.23) in
equation (5.26). The resulting equations are expressed in terms of the

| position transformation of the reference frame R and are given as

- h
CoC.+SgS, =CySg*+SgCc © v
F C.S -5S.C S S +C.C 0 w
TP= 6 "¢ 0 e 6 "¢ e e L4 (5.29)
0 0 1 0
] 0 0 0 1

Here the notations Ce, Sc represent the cosine and sine of the angles 8 and €

respectively. Where wpx and wpyare given by

w =p +(¢ +X)cos® -Y sine@
PX rx da i r 1 r

w =p +(e +X)sin® +Y cos®

Py ry da 1 r i r
Comparing the elements of the two matrices given by (5.29) and (5.28), the
expressions to compute the coordinates of x and y of the point P in the

inertial frame are obtained as
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p =p + (e, +X)cos8 -Y sin 6
px rx da i r i r (5.30)
Py = Py + (8“ + Xx) sin@_ + Yl cos 8
And the orientation of a vector acting at P in the inertial frame is
6 =6-¢ (5.31)
P
An AGV with a differential drive is considered for illustration. In
order to compute the position coordinates lL‘p = {p, p, © )t, the

R rx ry r

. . . R . . . . .
cumulative velocity transformation ]'IR derived in section 3.5 is considered.

The final form of the equation is reproduced here for completeness.

o} -6_ - ecz o} -1*((‘)’(l + wxz) +r (L2 w ¢ Llwxz)/(L1+Lz) W
8 +06 o} o L ri{w -w ) /(L +L)
cl c2 d X1  x2 1 2 (5.32)
0 0] 0 0
| o 0 0 0

From this equation the linear and the angular velocities of the AGV in terms
of wheel velocities are derived and are piesented in equation (3.60). This

is reproduced below.

vrx Ll LZ w

r L, -L, x1 (5.33)
ry (Ll + in wxz
8 1 -1

Here v and vy are the linear velocities and ér the angular velocity
r r

120



of the AGV. W, and w , are the wheel speeds, Ll and Lz are the distances
between the axis of rotation of the wheels and the geometric center of the
AGV, l..d is the X-distance between the geometric center and the reference

frame Rr.

To compute FTR from the velocity transformations, two approximation
schemes are considered, namely, the trapezoidal rule (2 points) and the
Simpsons’s paravolic rule (3 points) [76]. Simulations results are provided
in Chapter 7 to compare the accuracy of the two schemes using a simulation
package based on a dynamic model of the AGV [35]. If AT is the sampling
interval of the overall system during which the track information (e da and
€, ) is updated for romputation, and n the sample count, the position

Ba

transformation F<I>R(n AT) at time (n AT) can be written as

Case 1 : Trapezoidal approximation.
Fp (nAT) = Fp (In-1]AT) + AT V_ ((n-1]AT) { Ri_ (nAT) +
R R '2—- R R
"ff, (In-11aT) } (5.34)

Case 2 : Simpson’s three point or parabolic approximation.

Fp (nAT) = Fp ([n-1]AT) + AT V_ ([n-1]AT) { Rt (naT) +
R R 3—- R R

4.0 Fit_ ((n-118T) + &([n-zlA'r)} (5.35)
Where lrpR (nAT) is a position vector and is given by

F _ t
Pp (nAT) = { P pry. Or) (5.36)
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The term \.’R ([n-1]AT) is the rotational transformation of the frame ‘r

relative to ‘F’ at the time instant (n-1)AT and is given by

cos(er[n-l]AT) —sin(er[n-l]AT) 0 0 ]

sin(erln-l 1AT) cos(erln-l]AT) 0

VR([n-l]AT) = 0 0 1 0 (5.3

o) 0 o 1

The position vector F‘pR (n AT) = { P pry. G)r)t is obtained by substituting

(5.37) in (5.34) and (5.35) and the resulting equations are presented below.

Case 1 : Position Transformations using rectangular approximation.

p (nAT) = p (In-1]AT) + AT {v (nAT) +v_ (In-1 lAT)} cos(8 ([n-1]AT)
rx rx 2—— rx rx r
-AT{ v (nAT) + v ([n-1]AT) } sin(@ ([n-1]AT)
2 ry ry r
Pry(nAT) = pry([n-l 1AT) + %;I‘_ «{vrx(nAT) + vrx([n-llAT)} sin(er([n-llAT L(5.38)

+AT{v (nAT) + v (ln-l]AT)} cos(8 ([n-1]AT)
5 ry ry r

6 (nAT) = 6 ([ n-1]AT) + AT { 9 (nAT) + 6 ([n-l]AT)}
r r '2— r r

Case 2 : Position transformation using Simpson’s three point (parabolic)

approximation.
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p (nAT)= p (In~1]AT) + AT {v (nAT) + 4.0 v ((n-1]AT)
rx rx 3 rx rx

+v ([n-ZlAT)} cos(6 (In-1]JAT) - AT {v {nAT)
rx r ——3 ry
+4.0v ([n -1]aT) + v ([n-Z]AT)} sin(@ ({n-1]AT)
ry ry r

AT +(5.39)
p (nAT)= p (In~1]AT) + = {v (nAT) + 4.0 v ([n-1]4T)
ry ry 3 rx rx

+V (ln-ZIAT)} sin(e ([n-1]AT) - AT {v (nAT)
rx r 3 ry

+4.0v ([n -1]AT) + v ([n-ZlAT)} cos(6 ([n-1]AT)
ry ry r

8 (nAT)= 8 ([n-1]AT) + AT {9 (nAT) +08 ([n-1]JAT) + 6 (In-Z]AT)}
r r ‘:3— r r r )

5.4.2 Ildentification of Track Geometry
5.4.2.1 Introduction
From the analysis presented in the previous section, one obtains the

following :

a) x-position of point ‘P’ relative to frame ‘F’' (n-samples).

b) y-position of point ‘P’ relative to frame ‘F' (n-samples).

These are shown in Fig. 5.6. This forms a set of data for the location of
point P until the sampling time (n AT). Curve fitting technique is used to
describe the geometric nature of the path that the point ‘P’ has traced.
This in turn is the profile of the track on the floor. The identified

geometry of the track may take the following form

x =X(6 | {(a,a, ... ,al}) (5.40)
P 0 m

| 4
y,=Y(8 [ (b b, v b 1) (5.41)
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Equations (5.40) and (5.41) respectively describe the path function for the x

and y locations of the point ‘P’ relative to the floor frame °‘F’ as a

function of the orientation of the vector at ‘P’ on the track. The
coefficients of the polynomial functions are given by {ao, a, .. am) and
(bo. bx' bm) respectively and the polynomial considered is of the order

‘m’. The reason for expressing the functions for xp and yp positions of the
point ‘P’ as a function of orientation is due to the fact that both the
orientation and the coordinates (xp. yp) of P are functions of time and the

linear velocity of the AGV.

The coefficients of the functions chosen are evaluated using the least
sum of error square solution method described in the Appendix-A and reference
{74). The system of equations has m unknowns and there are n equations
(n >> m). Though the coefficients can be evaluated when n = m, the values
X, yp, and ep are based on experimental results. Hence the evaluated values

of the coefficients will not be the actual values.

From the computed path functions described above, the location (position
and orientation) of the point P on the track from time (n+1)AT onwards is
evaluated by extrapolation. The number of samples of data needed for
geometry identification and the time intervals for which the extrapolation

can be performed are influenced by the following factors :

1) Geometric nature of the track function
2) Linear velocity of the vehicle

3) Length and wheelbase of the vehicle
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4) Sampling time (AT) of the AGV system

5) Window dimensions of the camera

The first factor, the geometric nature of the track function, depends on
whether the function is a fast varying one or a slow varying one. In the
case of a slow varying function, the convergence is slower as the
identification requires sufficient data to identify the varying nature of the
function. However, in this case, extrapolation of the function ahead of the
AGV can be done for a very long distance. If the function is a fast varying

one, the extrapolation can be done for a very short distance only.

If the vehicle is travelling fast, the parameters of steering feature
information obtained is from sections of the track which are spaced widely
apart, and this results in less samples for convergence for a given track
profile. If the vehicle is travelling slow, the track features are obtained
from sections of the track which are close to each other. As a result of
this more samples are required. The velocity factor can be eliminated by
considering the total distance travelled instead of the number of samples

required for convergence.

The length and the wheelbase affect the convergence and extrapolation
depending on the driving criterion chosen. Sampling time affects only the
convergence. If the sampling of the parameters of steering control and the
motion parameters of the vehicle are carried out at faster, then all the
characteristics of the track function are obtained faster. This depends on
the speed at which the vehicle is travciung and the rate of change of

curvature of the track. If the vehicle is travelling slowly then faster
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sampling not necessarily mean better results. The best sampling rate should
be greater than twice the rate at which the function is varying. Window
dimensions affect the convergence. In this case, the convergence depends on
how much and how far the camera can see. The convergence of the coefficients
of the identified geometry are tested for various conditions as specified

above. The results are presented in Chapter 7.

The extrapolated track profile information is used to drive the AGV to
achieve accurate tracking. The track functions computed are updated using
the most recent values of the parameters. The discussions and the analysis
presented in the following sections are to provide accurate tracking using

the path functions computed above.

From the track equations (5.40) and (5.41) for the x and y positions of
the point P with respect to time, the function that best describes the path
of the point P in the XY-plane of the floor frame ‘F* is derived. This is
obtained by eliminating the orientation ep by simultaneously solving

equations (5.40) and (5.41).

The analysis presented in this thesis addresses two sets of profiles for
the track, namely, the conic profile and the polynomial profile. The method

of obtaining the coefficients of these two functions are presented below.

5.4.2.2 Formulauons for a Conic Function
It is assumed that the point P traces a path whose equations are of the
following form. These equations are chosen to cover various profiles in

conic functions namely, circles, ellipses, hyperbola and parabola.
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X =a +a cos0O +a_ sine (5.42)
o] 1 P 2 P

y =b +b cosB +b_sino (5.43)
() 1 P 2 P

If the function is strictly a conic, then the coefficients a, and bx should
become zero. These are introduced to account for the presence of noise in

the data received from the measuring devices. The general form of a conic is

(x-x)z(y--y)2
P9 sk 0 o (5.44)

2 2
a b

In the * sign, the plus is for ellipses and circles and the minus sign is for
hyperbolas. The distances a and b are equal in the case of circles and is
the radius of the circle. The distances X, and y, are the position

coordinates of the center of the conic in the inertial frame.

Using the regression formulations presented in reference {74},
expressions for the coefficients of equations (5.42) and (5.43) are obtained

and are given as

zx cosO Zsinze -Zcose sine Zx sin@
p P P P P p P

a -
1 ” ) 2
Z cos O Z sin'e - [ Z cos® sind ]
P p P P
z X siné z cosze - Z cosO sin@ Z X cosé
— P p P p P P p
a =
2 » 2 2
Z cos O Z sin'e - [ Z cos@ sind ]
P P P ]
Z X a Zcose a z sin@
a = p _ 1 P _ 2 P
i n n n
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Zyp ¢:osep Z sinzep - Z c:osep sinep Z yp sinep

b
l [ cos’® ] sin’e - [ Y coso sing_ ]z

- Ly, sine [ cos®e -] cose sine Zy: cose_
© Leosts, [sinta, - [ coss, sine,

- A ) b ] cose_ b, ) sine
o~ "m n n

Equations (5.42) and (5.43) are rewritten in the form (xp - xo) and

(yp - y,) as in equation (5.44)

»®
'
oY
]

a Cos 8 +a_ Sin# (5.45)
1 P 2 P

«
1
o
i

b Cos 8 +b_ Sin 8 {5.46)
1 ) 2 P

Multiplying (5.45) by bl and (5.46) by a. subtracting the first one from the

second one and simplifying the result gives the following.

b (xp- ao) - a (yp- bo) (5.4

Sin 8 =
p (bla2 - albz)

Equation (5.46) is multiplied by a, and the result is subtracted from the

product of b2 and equation (5.45). The result is

b2 (xp- ao) - a, (yp— bo)

(5.48)
(bza1 - azb1)

Cos 6 =
p

Squaring equations (5.47) and (5.48) and summing them resuits in
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2 2
[b1 (xp- ao) - a (yp- bo)] . [b2 (xp- ao) -a, (yp- bo) ]

{b a -ab)2 (ba -ab)? -6
172 12 271 21

Equation (5.49) is expanded and the coefficients of like powers of xp, yp and

constant terms are collected. The resulting equation is

x: (bla2 - albz)2 {bf + b:} + y: (bla2 - albz)2 {af + az} -
2 xp yp (bla2 - albz)2 {alb1 + azbz} -2 xp (bla2 - albz)2 {
blab-ba)+b(a b - azbo)} -2y (ba, - ab)’ {

- al(aobx-boax) - az(ao b2 - azbo)} + (bla2 - albz)2 {

2 2 s
(aobl—boal) + (a0 b2 - azbo) } - (bla2 - axbz) = 0 (5.50)

Equation (5.50) is the general form of the equation of a plane curve. This

is of the following form
flx oy, | % 20 woeees %) =0 (5.51)

It has been mentioned earlier that if the profile of the track is strictly
conic, then the coefficients a, and bl become zero. Substituting this
condition in equation (5.50), the following equation is obtained.
2 2,4 2 4 2 2.4 4.2
xpa bz+ypa1bz-2xpaxbzao ZyPalb2b°+
2

2.2 2 2 2.2 4.4 _
albz{boal+aob2}-alb—0 (5.52)
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This is the general form of the equation of a conic. The value of the
coefficients (ao. a, az) and (bo. b:’ bz) are evaluated using the method of
Jeast sum of error square solution (LSES). These values are substituted in
(5.50) and the equation of the plane curve is obtained. The correctness of
these equations are tested using known equations of the track and the results

are presented in Chapter 7.

5.4.2.3 Formulations for a Polynomial Function
To evaluate the coefficients of a polynomial function that closely
resembles the track geometry, the following form of second order expressions

are chosen to describe the path function traced by the reference point P.

_ _ 2 ., 2
X =a v-alth-kazt Vp (5.53)

) 4
_ _ 2,2
y,=by *b tV +b t°V (5.54)

Here t is the total elapsed time at which the process of identifying the
track geometry is performed and Vp is the linear velocity of the point P.
The linear velocity Vp is equal 1o the linear velocity V of the AGV. The
product t Vp is chosen as it provides the distance travelled at time t.
Hence, the identification will provide consistent results irrespective of the
linear velocity of the AGV. The coefficients of equations (5.53) and (5.54)
are evaluated using the regression equations in the reference [74]. Final

form of the equations are

ZXPVEtZ Zv:tz-zv: X
zv:t4 ZV:tz - [Zv:ts]
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Zx v t 2:v4t4 - Zva ta Zx vzt2
P P p p P P

a =
: ZV:t‘ ZVztz - [zvzt3 ]2
. =2xp _aIZVitz ) aZZVPt
0 n n n
DA A A A
bopee gee - (Iee)
b o Zypvpt Zv;‘)t4 - sz t3 Zypv:tz
2

pve g - (pve)

Zy a{vzt2 aZv t
= p _ 1 P _ 2 p
n

0 n n
From (5.53) and (5.54) the product t Vp can be expressed as

-— 1 - - -
Vp t = W {(prz ypaz) (aobz bOaZ)} (555)

Substituting (5.55) in (5.53), the following result is obtained.

a

— 1 - - -
X7 3 7 (albz-blaz){(prz ypaz) (ab, boaz)} ¥

2

a
2
(ab -ba)? {(prz ) ypaz) ™ (3% b°a2)}
12 12

(5.56)
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Simplifying equation (5.56) and rearranging the terms, an expression in

powers of xp and yp with some constant terms is obtained as below :

2 2 3 .2 2
ab, X +vay - 2a b X, ¥, * { ba, (:-1lb2 - blaz) -2 azbz(aob2

2
boaz) }xp'r { - alaz(alb2 - blaz) +2 a.z(aob2 - azbo) } yp + (acb2

2=

boaz) { az(aob2 - boaz) - a (albz- blaz) } +a, (alb2 - blaz) 0 (5.57)
fix, ¥y, | kg Ky venens » k) =0 (5.58)

where Ko Kppoeeeens » Kk, are the coefficients of the function expressed in xp

and yp and i =0, 1, ..., 6.

5.4.2.4 Formulations for a Straight Line Function

Equation (5.57) is of the same form as the function obtained in equation
(5.50) but for the coefficients. Depending upon the type of function of the
track profile, certain terms vanish. For example, if the geometric profile
of the track is a straight line, the coefficients for the powers of xp and yp

vanish and the resulting equation is of the following form

X =a +atyVv (5.59)
[¢] 1 p

y = bo + b1 t Vp (5.60)

Eliminating t Vp from equations (5.59) and (5.60), an expression for yp in

terms of xp results in the standard y = mx + ¢ form. This is given by

y = X - —— (5.61)
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From equation (5.61) the slope m and the offset ¢ of the straight line
function are obtained. The equations for the straight line function can also
be derived from the standard equation y = mx + c instead of the polynomial
function form as presented above. The least sum of error square (LSES)
solution for the coefficients m and c in equation y = mx + c is given in

reference [75]), and is given below.

c=zx22y-2xzxy m=n2xy-zx£y
n ] x* - [[ ) n] - (L%

(5.62)

In Chapter 7 these equations are tested and coefficients convergence for
straight line profiles using the polynomial and the straight line function

are compared.

5.4.3 Driving Criterion for Accurate Tracking

In this section a driving criterion is defined in order to compute the
desired values for the parameters of steering control for future travel of
the AGV. The driving criterion provides the definition for accurate track
following by stating which point(s) on the AGV has/have to be on the track.

Many driving criteria are available for consideration some of which are

1) a criterion in which a reference point chosen on the AGV is on the
track. In this, one may wish to have the center of the front camera or
the geometric center of the AGV on the track;

2) a criterion in which multiple reference points chosen on the AGV are on
the track, namely, the contact points (patchs) of the front and rear

casters or the centers of the front and rear camera windows on the
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track;

3) minimize the included area between the longitudinal axis of the AGV and

the track.

Figures. 5.7a & 5.7b illustrate criterion (1), i.e. a single point on
the track. These figures show the situation where the center of the front
camera on the track and the geometric center of the AGV on the track
respectively while following a track with a curvature. From Fig. 5.7a, it
can be seen that for the criterion which requires the center of the camera
window on the track, the position offset (ed) is equal to zero whereas the
orientation offset (ee) is not equal to =zero. From Fig. 5.7b it can be
inferred that for the criterion for geometric center of the AGV on the track,
the position offset (cd) is non-zero in addition to the non-zero orientation

of fset (ce).

Criterion (2) is presented in Figs. 5.7c & 5.7d. Fig. S.7c shows that
for the criterion that requires the casters on the track, the parameters of
steering measured by the front and rear cameras are not equal to zero and are

equal in magnitude. Their magnitudes depend on the track geometry.

The third criterion illustrated in Fig. 5.7e suggests that the driving
and steering of the vehicle is performed so that the entire vehicle is within

reasonable distance from the track.

Formulations are presented for criterion (2), i.e. multiple points on
the track in section 5.4.4. Here the contact points (patches) of the casters

on the track is considered. Section 5.4.4.3 presents the expressions to
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evaluate the desired values of the parameters of steering control based on
the identified profile of the track and the methodology to derive these

expressions.

5.4.4 Computation of Parameters of Steering Control
5.4.4.1 Coordinates of Instantaneously Coincident Circle

The steering angle or the required orientation of the caster at the time
instant (n+1)AT is evaluated for accurate tracking using the analysis
presented so far. Since the estimated equation of the track (5.36) may be a
generic function, it is necessary to evaluate the coordinates of an
instantaneously coincident circle. In this scheme the radius of rotation
(Rl) of the point P as well as the center of the instantaneous circle C(Xc.
Yc) at time [(n+1)AT] are evaluated. Figure. 5.8 shows the section of the
track, identified geometry of the track and the instantaneously coincident
circle. The following analysis is based on this figure. The following
derivations are to obtain the equation of the closest circular approximation
for f (xp. yp | x or k) at the point P whose coordinates at the new expected
location at time [(n+1JAT] is represented as (a, b). The equation of the

instantaneously coincident circle is of the form [76]
(X -h?+(Y-k?= Rlz (5.63)

The coordinates of the center of the instantaneous circle are given by

(h, k). This equation should satisfy the following conditions :
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Fig. 5.8 Schematic for Instantaneously Coincident Circle
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a) the circle is tangential to the graph of f(xp. yp | X or K)

function
{5.64)

Considering a line normal to the tangent at (a, b) and passing through the

center of the approximate circle, the slope of this line is given by

_ 1
m= - 30 (5.65)

The center of the circular approximation should be along the normal

line, and is at a distance Rl from (a, b). Differentitating (5.63) results
in

) (5.66)

2
dy
[ (]
(5.67)

Substituting (Y-k) from (5.66) in equation (5.67), the second derivative of

the equation of the circle can be expressed in terms of the first derivative

as
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aY . . (5.68)

Since the circular approximation chosen is also tangential to the graph

of f(x,y) at P(a, b), we have the following conditions :

Q-'O.
x| =<

=f'(x ,y ) at (a,b) (5.69)
PP

and

2
ay . f”(xp,yp) at (a,b) (5.70)

ax?

Substituting these conditions in equation (5.68) for sz/dXz, the second

derivative is expressed in a different form as

’ ’ 2
f7(x .y ) = - f’(a, b)(1 + [f’'(a, b)]") (5.71)
PP a-nh

From this the x-location of the center of the circular approximation is

obtained as

f(a, b) (1 + [’ (a3, B)1%)
772 b) (5.72)

>
]
w

It has been shown in equation (5.65) that the normal at (a, b) has a
slope -1/f’(a,b) and passes through the center of the circle (h, k).
Substituting this condition in equation (5.72), the equation to compute the

Y-location of the center of the circular approximation is obtained as
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- l -
K=b+ [?7T5,b)]‘a h) (5.73)

The radius of the circle is computed using equation (5.63). The first and
second derivatives of the function f(x, y) are evaluated as below. For a

function f (xp ,yp) = 0, the first derivative is computed as

dy dy fx(xp .yp)
fx(xp 'yp) + fy(xP .yp) dx =0 i.e. ax = -m (5.74)
And taking the derivative of equation (5.74) one obtains
dy dy)* d’y
f (x, +2f . =+ f . —= +f (x, — =0 (5.75
xx p yp) xy(xp yp) dx yy(xp yp)[ dx] y( P yp) dx? )
q2
From this, the expression to evaluate —-321 is obtained. The expressions
dx

to compute the coordinates of the center of the instantaneous circle for the

two track profiles considered are discussed below.

5.4.4.1.1 Expressions for Conic Functions

The coordinates of the center of the instantaneous circle of rotation
for the conic profile is derived below. Differentiating the expression for
the conic profile given by equation (5.50) partially with respect to xp
yields

_ - 2 [,2 2} _ _ 2
fx(xp .yp) = 2 xp (bla2 axbz) {bl + bz} 2 yp (bla2 albz) {alb2 +
2
azbz} 2 (bla2 - axbz) {bl(aobl boal) + bz(ao b2 -

azbz)} (5.76)
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Differentiating equation (5.76) with respect to xp and yp independently

provides
folX, 7)) = 2(ba, - ab)* {bf + ":} (5.77)
f,% ¥)= -2(ba - ab)? {albz + azbz} (5.78)
Partially differentiating the function (5.50) with respect to yp results in

_ _ 2 2 2] _ -
fy(xp .yp) = 2 (bla2 axbz) [yp {al + az} X {albl + azbz}]

2
2 (bla2 - axbz) { - ax(aobx- boax) - az(a0 b2 - azbo)} (5.79)

Partial differentiation of equation (5.79), an expression for f‘w(xp .yp)

results.
2 2 2
fyy(xp .yp) =2 (t:tla2 axbz) ylJ {a1 + az} (5.80)
Substituting these results in equations (5.72) and (5.73), expressions to
compute the coordinates of the circle center are obtained. From the

coordinates of the circular approximation, the instantaneous radius of

rotation is obtained from equation (5.59).
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5.4.4.1.2 Expressions for Polynomial Functions

The procedure described before is followed in evaluating the coordinates
of the center of the instantaneous circle of rotation for the polynomial
function. Differentiating the function (5.57) partially with respect to xp

results in

2
fx(xp .yp) = 2 azb2 X, - 2 a:b2 yp + { bla2 (alb2 - blaz) -

2 azb2 (a.()b2 - boaz) } (5.81)

Differentiating equation (5.81) with respect to xp and yp independently

provides

- 2
folX, 0¥) =2ab (5.82)
f % ¥) = -2 azbz (5.83)

Partially differentiating the function (5.81) with respect to yp results in
_ 3 _ 2 - - 2 _
f‘y(xp .yp) =2 a, ¥ 2 a, b2 X, alaz(alb2 blaz) + 2 azlaob2 azbo) (5.84)
Partial differentiation of equation (5.84) provides the following expression.
3
f , =2 5.85
yy(xp yp) a_ ( )

Substituting these results in equations (5.72) and (5.73), expressions

to compute the coordinates of the center of the instantaneous circle are
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obtained. From the coordinates of the circular approximation, the

instantaneous radius of rotation is obtained from equation (5.59).

5.4.4.3 Computation of Parameters of Steering Control

In this section, mathematical formulations are presented to compute the
steering parameters for proper driving as defined by the driving criterion
chosen. The following computations are presented such that the contact

points of the front and rear casters are on the track.

It has been mentioned in section 5.2.1, that in order to keep the

contact points on the track, the track has to be located at a distance €4

from the longitudinal axis of the vehicle (which is also the center line of
the camera image window) and should be oriented at an angle €o4° These are
shown in Figs. 5.9 & 5.10. The objective of the following analysis is to
compute these driving parameters (t:dd and eed) necessary to achieve the

desired level of tracking.

The parameters €54 and €, are obtained from the geometry of the AGV as

shown in Fig. 5.9 and are given below.

e = tan ! H (5.86)
€ =n/2-06 +¢ (5.87)
Od p
€, = Rl sin (9p -g) - Rl cos(ced) (5.88)
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Fig. 5.9 Definitions for Computing Desired Parameters of Steering Control

Camera Window

Longitudinal Axis
of the AGV

Actual Location of
the Track

Desired Location
/ of the Track

Fig. 5.10 Definition for Desired and Actual Parameters of Steering Control
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S.4.5 Control Law for Tracking

The analysis presented in this section is to evaluate the wheel speeds
required for the differentially driven AGV to perform accurate tracking as
defined in the previous section. A control law of the following form Is

defined

n+1

69'(n+l JAT = G1 ch(n-l»l JAT + G2 689(n+1)AT + 03 Z Scd(i)A’l‘ (5.89)
1 =0

The angle 69’(n+1)AT is the incremental steering angle at time ([(n+l) AT]
required by the caster(s) to achieve accurate tracking. The position and
orientation offsets aed(m-l)AT and Gce(ml)AT are the difference between the
desired values as computed by the equations (5.87) and (5.88) and the acutal
measured values as provided by the image analysis. The deviation from the

desired values are given by

aed(ml)AT

edd(ml)AT - eda(n)AT (5.90)

Gee(ml)AT ced(ml)AT - eea(n)AT (5.91)
The constants Gx’ G2 and G3 are the dc gains to provide appropriate
corrective action to achieve the desirec response. The summation is the
integration of the position offset and provides a correction in order to
achieve zero offset error at steady state. From this, the wheel speeds are

computed.
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5.4.6 Implementation Algorithm

1)

2)

3)

4)

5)

6)

7)

8)

9)

At every time step store the following :

The actual values of the position offset (ed.) and the orientation
of f set(eea) of the track as computed by image analysis.

The actual wheel speeds of the AGV as obtained from the feedback
elements, i.e. W and w ., of wheels | and 2.

Compute the velocity components (vrx, vry, ér) and the position

coordinates (prx. P ., Br) of the reference frame (R) relative to the

ry
instantaneous frame (R). Similarly compute the velocity components (vm,

v _, g d ition coordinate
ey 9") and the position rdinates (prfx. P

frame (R) relative to the floor frame (F).

, 8 ) of the reference
rfy rf

Similarly, compute the position coordinates of a coordir=*: frame at the
point P (P) relative to the floor frame (F) at every time step.

]

Position components: are : , e,
P Pox’ Poy’ 0 Porx’ Pory Zpe

Use the least sum of error square solution (LSES) to solve for the
coefficients of the polynomial functions.

X = X(GP | < Ay By weeeenns , am)

y=YO, [ (b, b, .. . b ).

From step (5), eliminate the orientation BP and get an expression in terms
of x and y alone, i.e. get the following function :

fix, y | LR SRy , am) = Q;

By extrapolation estimate the location of P at time [(n+l) AT} which is
(a, b) using equations derived in step 5.

Calcluate the center (h, k) of instantaneous circle and it’s radius Rn'
Compute the desired value of the position offset €4 and the desired value
of the orientation offset €04 required at time (n+1) AT.

Generate the deviations écd and 6ce as in equation (5.91).

10) Calculate the change in the steering angle Aes using the control law.

11) Compute the change in the wheel speeds wal. and waz respectively.
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5.5 Summary

Three approaches for track following of ACVYs using camera vision is
discussed in this chapter. The first approach is based on single camera
guidance, the second approach is based on a guidance scheme that employs two
sensors (cameras) and the third approach employs a scheme to identify the
track geometry and to provide vehicle guidance. In the case of the guidance
scheme using a single camera, the vehicle is steered based on the track
information available at that particular instant of time and employs a single
sensor at the front end of the vehicle. This scheme does not provide
tracking of the entire body of the vehicle and assures track following of a

small segment of the vehicle.

The second approach illustrated uses fore and aft sensing and provides
track following of two segements of the vehicle, one at the front and the
other at the rear. Hence this scheme is superio to the first and is the
preferred arrangement for parking purposes. Objective functions for straight
lines and tracks with curvature are defined to achieve accurate track
following. The nature of the track profile is detected by checking the sign
of the orientation offsets from the front and rear sensors. If the signs are
the same, the track is a straight line, otherwise it is curved. This
information is used by the control law in order to apply the proper objective
function. Controllers proposed for this scheme are based on the position of
the front and rear ends of the AGV relative to the track and also on the
curvature of the track. Two controllers are proposed based on where the
front and rear cameras are located with respect to the track. The function
of the first controller is to make sure that the front end of the vehicle

moves towards the track and crosses it fast. The second controller is used

150



to achieve asymptotic reduction in position offsets of the front and rear
cameras. The gains of the controllers are changed in real-time to follow the

track accurately.

The third method for guidance control presented in this chapter is based
on a scheme to identify the geometry of the track. The coordinates of a
point on the track at a particular instant as seen by the vehicle sensor
(camera) are computed based on the track features and the wheel speed
information available at that instant of time. The coordinates are computed
by integrating the velocity information. Mathematical formulations for
numerical integration using two point (trapezoidal) and three point

{parabolic) approximation are presented.

The geometric profile of the reference point on the track at a
particular time instant is identified based on the coordinate information
available until that time instant. Mathematical formulations to identify the
geometry of the track for polynomial, straight line and conic functions are
presented. Least sum of error square solution (LSES) is adopted to evaluate
the coefficients of these functions. For vehicle guidance, several driving
criteria are proposed. Equations to compute the desired values of the
parameters of steering control are derived for a criterion.  This criterion
assures that at least two points on the AGV be on the track. To compute the
desired values of the parameters of steering control, the concept of the

instantaneous circle of rotation is employed.
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CHAPTER 6
DESIGN AND DEVELOPMENT OF THE PROTOTYPE AGV

6.1 Introduction

This chapter describes an experimental vehicle that was designed in
order to implement and test the guidance control schemes described in the
previous chapters. The experimental rig in this thesis is different from the
experimental setup that is mostly used in other theses work in many respects.
The experimental rig in this thesis is a prototype of an Automatic Guided
Vehicle (AGY). The various aspects of building a vehicle are considered from
design to actual prototyping of the vehicle. Hence a chapter is devoted in
this thesis to describe the experimental vehicle. The areas that are dealt
with are, the design of the mechanical structure of the vehicle, the
selection of various components in order to provide power, motion, vision,
feedback, computational power, electronic and electrical controls, and

operating system software development.

6.2 Features of the AGYV
The development of this vehicle addresses the following important

aspects:

e design and fabrication of an autonomous vehicle that is suitable for

site testing and for present and future research;

e to develop and implement an efficient image processing technique to

identify and recognize path characteristics;

e provide means of establishing the vehicle performance.



These phases of development are laid out with the emphasis on the

following features.

® Modifiable wheel-base configuration.
e Modular mechanical and electronic design.
® Modular architecture in operating system software.

® Low cost camera vision for guidance and simple pre-processing.

e Efficient image processing technique for guidance and to recognize road

signs.

o Independent servo control for the motors using motion controllers.
® Controller algorithms based on vehicle kinematics.

® A multi-channel real-time data acquisition system.

® Ultrasonic sensors for obstacle detection and stopping.

e Wireless link for communication with external control systems.

The following discussion will dwell on the usefulness of these features

and the details associated with the process of achieving these features.

6.3 Components of the AGV

Figure. 6.1 is a photograph of the prototype CONCIC-II AGV showing the
overall configuration of the vehicle. The skirts at the front and back are
to serve as bumpers to protect the vehicle from collisions. The space at the
rear is for carrying payloads and the raised portion at the front end houses
the computing facility. Ultrasonic sensors for obstacle detection are seen

in the front end of the vehicle. Figure. 6.2 is a photograph of the stripped
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2.

3.

Prototype AGV
Terminal

Keyboard

Fig. 6.1

3. Ultrasonic Sensors

4, Track with road signs

Photograph of CONCIC-II AGV
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. On-board Computer (80286) 6. Wheel Mounting Bracket

. Idetix Binary Camera 7. On-board Power (12 V Battery)
. Lights 8. DC to AC Inverter

. Motor-in-wheel drive Unit 9. Control Panel

. Encoder Feedback 10. Batteries Charging Facility

Fig. 6.2 Photograph of the Stripped Down AGV
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down version of this vehicle showing the important components. From Fig. 6.2
it can be seen that the vehicle has a lower and an upper compartment. The
upper compartment houses the computing units while the lower compartment is
for the drive and power units of the vehicle. The system block diagram of
the autonomous vehicle is shown in Fig. 6.3. This figure illustrates the
interaction between the various components of the AGV. The essential
components are the mechanical structure, the driving and the steering
mechanisms including the actuators, the on-board computing facility, the
servo controllers for wheel level feedback control, the feedback components,
the servo amplifiers, the on-board power system and/or an absolute position
referencing system for guidance as shown in Fig. 6.4. The system
specification of the autonomous vehicle is presented in Table. 6.1. The
dimensions of the vehicle, load carrying capacity, standard components used
to provide power, motion and vision for the AGV, and the various modes of
operation are listed in this table. The functions performed by the various

components are described below.

6.3.1 Mechanical Structure and Driving Mechanism

The mechanical structure of the vehicle consists of a welded aluminium
frame. This frame is partitioned into two levels. The lower level houses
the driving arrangement and the power source. It is divided into 9
compartments. Wheel-sets may be mounted at any of the 9 locations using
standard mounting brackets. This arrangement facilitates modification of the
wheelbase configuration. This flexibility is an unique feature of this
vehicle, enabling the researcher to evaluate the performance of a variety of
wheelbase configurations. With most of the parameters of the vehicle

remaining the same, one can compare the performance of different

156




SUHY'S
noz/ Al

o
_ o3

1

._._._:< |
VAN IS

! O T

LET TN

L.

AV
IVARBRANING

dOIOW D d
ExIIT W R

HULON a4 d
‘TiaHM 144)

AJHOINS
IVIN i YO

H3LINJNY
e - O.»N_Lm zna

ADV I-DLINGD 4} jo weabul] oo wa) sy g9 diy

AddLivd
snduwives Azt

g1

09 2V A SN —

Additva

sudwyor ALl
- 1%

ASli-AZY
YALHIANI
vV oL M

(X18:401) vaanyD uvay .mh - —

(X110} vyaNvDd INOY4 £=

=

O

JTL!

JOVAHAINL YU

(s(uudig u..v:_ ‘4 V) NIvaaidsd visig

<

VUINYD XI1L3d1

P XIRNE

90-2va

YITIOULHNOD
NOILON @2y

L. 4%

(1v- 1)
HITIOULNOD HILSVH

1
:

vnl

O>=.—w Nad _

()

Tc -avy fe——=

YITIOUINOD
NOILOK 92UN1

|

“(lbudg Xopul g V) ¥ovouaaa Ivu0ia

21-86209 ‘141N

Y4L0400D
AHOSIAY3INS '
TVNYALIXD

, (4v -pvut)
] U4 TIOUANOD YdISVH
21-98200 ‘ldLl

(v -nut)
{ UATIOHINOD YALSVR
VIVQ 1INNVHI 2t

muiuu..—zJ
% UJLIINSNYUL
3nolld SSA1¢40d

157

HIVAUIINI ndaon
NOILVIINNNKOD
S1-86208 131Nl

S

Udaldodd
¥ UALIINSNVYL
JHONd §ST1330)

g

- - — -

JIVIHALNL WAQO
NOLIVIININO )
Al diundd




Compoenents

Speciflcation

Vehicle Design Aspects
Length, Width and Helght
Payload

Dead Welght
Wheelbase Conflguration

Wheel Drive Unlts

Computing Faclllity

System Maln Computer

eedback Control System

1 Servo
er

Servo Ampliflers

Feedback Arrangement

Power System Deslgn
Power Source
Visual Navigation System

Digitizing Camera
Image Window Slze

Operating Parameters

Maxlimum Posslible Speed

Max. Speed wlth Camera
Minimum Turnling Radlus
Camera Mode Frame Rate

Speclial Features

Image
Communication
On-1line
Sof tware
Safety Features

Processing

Data Acqulisitlun

1.57 m x 0.78 m x 0.63 m
650 1b
275 1b
Modliflable
Diamond Shaped Wheelbase
Differential Drive
Casters at front and
Schabmuller motor-1in-wheel drive
Motor 24 V dc & 6 Amp.

rear

Steerable;

Intel 80286 @ 12 MHz with 80287
Operating System : DOS
Parallel Processing with T800

Treansputers for future use

LM628, Natlonal! Semliconductor
Digital PID Fllter and Decoder.
PWM Amplifilers, Galll
15vV/75v, 9.0/738.0 Amp.
PMI Shaft Encoders
Quadrature slignal,

Corp.

Motlon Control

Incremental
1024 pulses/rev.

Two 12 Volt Alkallne Batterles

75 Amp hr Capaclty, 3 hrs power

Idet 1l x Camera Micron Technology

64 x 128 plxels (50 mm x 250 mm)
1.20 ms/s (211 ft/min)

0.93 m/s (Circular Track, R = 2.0 m)
0.50 m {Clrcular Track)

20 to 25 frames/s

Recognlzes a Set of Road Sligns
Remote Radlo link 300 baud
32-Hardware & 10-Software Channels
Default Setup Modiflable
Watch Dog Tlimer

Component Malfunctlion Detectlion

at

Modular,
Ultrasonlc Sensor,

Varlous Modes Camera Vision Mode (Front/Rear /Turn)
Dual Camera Mode (Front and Rear)
Remote Radlo Link Mode
Track Reconstructlon & Navigation
Table. 6.1 System Specification of the CONCIC-1i AGV
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configurations with credibility. The computing unit of the vehicle is housed
in the upper level, where one also finds the operating console.
Figures. 6.5 to 6.7 show the various possible whesl base configurations that
can be achieved with this AGV structure and thus illustrate the flexibility

of the vehicle.

In most of the industrial AGVs, power for the driving and steering
wheels are provided by d.c. servo motors employing chain or belt drives or
gear trains. These vehicles in general use a non-integral driving
arrangement. This requires complex mechanical system, extensive design
requirements and considerable space for mounting. To alleviate these
problems, the AGV designed for experimentation in this thesis employs
integral driving units from the Schabmuller Corporation, West Germany and is
shown in Fig. 6.8. This unit has a driving motor, a speed reduction gearing
arrangement, an hardened rubber wheel, a steering motor with a speed reducer,
and feedback elements for the driving and steering motors. The armature of
the driving motor houses a commutator and feedback elements on one end, and
and a speed reduction unit at the other end. The gear ratio of the speed
reducer is 1:9.9. The internal gear outer periphery houses the rubber wheel.
The driving motor has a maximum speed of 1600 rpm and the wheel diameter is
0.075 m. The maximum speed that can be attained with this driving

arrangement is 1.2 m/s (211 ft/min).

The driving motor is a permanent magnet (PM) brush type, 24 volts dc
motor. The magnetic flux of the stator (permanent magnet) remains constant
irrespective of the motor armature current and hence the speed torque

characteristics of these motors exhibit linearity over an extended
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12V BATTERY &OWEEL
DRIVE UNIT_\
X
DC TO AC
DRIVEN WHEEL INVERTER =
SERVO
é&—_; 12V BATTERY AMPLIFIER

Fig. 6.5 Tricycle Wheelbase Configuration

DC TO AC ' z
O [ e rmv BATTERY
CASTER
MOTOR CASTER 4
IN WHEEL “@r
DRIVE UNIT
\\ l 7
12V BATTERY ﬁ—— SAE(};L(I)F]ER

Fig 6 6 Differential Drive {(Diamond Shaped) Wheelbase Configuration

i MOTOR —
IN WHEEL
+ RIVE UNIT MOTOR T
{-:Q]—_:\-D 12V BATTERY IN WHEEL
DRIVE UNI
SERVO DC TO AC SERVO
AMPLIFIER INVERTER AMPLIFIER
t MOTOR -
| IN WHEEL ]
«=DRIVE UNIT | 12V BATTERY MOTOR T
]__:] jj IN WHEEL@:' ’
DRIVE UNIT

Fig 67 Four Wheel Drive and Steer Configuration
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PAL @ Ao L

7
.8
MOTOR-IN-WHEEL DRIVE UNIT
5
. Driving Wheel 6. Steering Motor
. Driving Motor Speed Reducer 7. Steering Motor Gearing
. Driving Motor 8. Wheel Mounting Ring

. Driving Motor Feedback Attachement

. Steering Motor Feedback Arrangement

Fig. 6.8 Photograrh of the Motor-in-Wheel Drive Unit
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range [75, 76]. The reason for the complete linearity is that the armature
reaction flux stays orthogonal to the magnetic flux of the magnets and the
high coercive strength of the magnet resists any change in the flux whenever
the armature reaction field enters. The stall torque generated by these
motors is very high, and hence high accelerations can be achieved easily. PM
motors do not require power to generate the magnetic flux compared to shunt
or series wound motors. The power loss in these motors is only the IR ioss
in the armature (heat loss), and hence requires less or no cooling at all
Also use of permanent magnets provide high power output for a given air gap
compared to other types of motors, and hence the power to weight ratio is

high.

Presently the vehicle is driven by two motor-in-wheel-drive units
located on either side of the geometric center of the vehicle. Linear motion
is achieved by driving the two wheels at the same speed, while steering is
accomplished by driving them at differential speeds. The vehicle is also
provided with two supporting casters, one at the front and the other at the

rear.

6.3.2 Control Components

The control system adopted here is based on the hierarchical control
strategy. ‘The main controller is an IBM-AT compatible (Intel-80286)
operating at 12 MHz clock with an 80287 math co-processor. The reason for
the selection of the IBM-AT is that most of the off-the-shelf components are
interfaceable with the IBM-AT type computers. The various functions
performed by this processor are shown in Fig. 6.9. Some of the functions

listed in this figure are camera imaging and image analysis, computing wheel
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speeds, performing several operating system functions, data acquisition in
real-time, etc. The low level controls are performed by independent motion

controllers to perform the closed loop control of the motors.

The low level control loop employs LM628 precision motion controller
chip from the National Semiconductor Corporation (79, 81, 82, 83]. One could
employ a microprocessor or a microcontroller-IC for motor control. A
microprocessor can handle a large nvmber of data compared to a
microcontroller. However, a microcontroller is a faster device than a
microprocessor. Unlike a microprocessor, a microcontroller has on-chip
memory and 1/0 circuitry, and can accept both analog and digital signals. As
a result of this, need for separate circuitry to process the incoming signals
is avoided. Rounding off errors in the case of microcontrollers is much
smaller compared to that in a microprocessor. Standard off-the-shelf motion
controller chips are microcontrollers with limited features and are much
simpler than the conventional large scale microcontrollers. Hence in this
thesis, motion controller chips are employed for servo control of dc motors.
Our survey on motion controller chips showed that the LM628 motion controller
is superior to the other motion controllers as it possess the following
features :

e Digital PID Filter with 32 bit gains and are programmable while in
motion. With this feature the controller gains can be tuned

experimentally.

e Built in encoder decoding circuitry. Hence the need to build a counting
circuitry is avoided.

e 32 bit position, velocity and acceleration commands. This results in
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very good resolution for speed/position control.

® Feedback loop operates at 20 KHz rate thereby providing feedback
information even at higher motor speeds without sacrificing the
resclution.

® Ability to provide an easy interface with the pc.

Another motion controller chip possessing some of the characteristics of
the LM628 is the HCT-1000 from Hewlett Packard [80]. In this chip, the
position, velocity and acceleration input commands are only 16 bits long and
this results in a loss of accuracy. The velocity information read from this
chip is only 8 bits. However, the HCT-1000 chip permits the acceleration to
be changed while in motion and has two velocity profiles to chose from
namely, the trapezoidal and the parabolic. This feature is absent in the

case LM628.

The operation of the LM628 chip does not affect the normal functioning
of the host computer, i.e. once the host computer downloads the necessary
control commands to the chip, the chip performs the closed loop control while
the host computer does other functions. First, the chip is downloaded with a
set of initializing commands. The first command is to reset the chip thereby
clearing all the registers. This is followed by a command to inform the chip
that the digital to analog converter (DAC) employed is 16 bits leng, if such
a DAC is employed. Then the coefficients of the digital PID filter, the mode
of operation (position or velocity), the trajectory data (acceleration, the
velocity and position -~ if in position mode) are provided. New values for
these data (except the acceleration) can be downloaded while the chip is

executing a previous trajectory command with the exception of the
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acceleration. The position/velocity values loaded can be either an absolute
or a relative value. A full description of this chip and the functions
performed are described in detail in the Appendix. C. The various elements
of the LM628 motion controller chip are shown in Fig. 6.10. From this figure
it can be seen that the chip has a velocity profile generator, interface for
communication with the host computer, digital PID filter, provisions to
connect encoder lines and a digital to analog converter, and encoder pulse

decoding circuitry.

Commands are written to the LM628 by the host computer using the 1/0
ports. The status of the LM628 needs to be checked from the host computer
before attempting to write a command and/or data, as well as reading a data.
This is achieved by checking the last bit (busy bit) in the status byte read
from the LM628. The maximum duration of the busy bit is 100 us. The busy
bit goes high as soon as a command is written or data is either read or

written.

The LM628 motion controller is provided with a digital PID filter as a
controller. The discrete time equation which is representative of the

algorithm implemented is given by the National Semiconductor Corporation {79]

n
u(n at) = Kp e(n 8t) + Kl Z e(j 8t) + Kd [e(k &t) - e(k-1)3t] {(6.1)
j=o

Where u(n &t) is the digital command to the digital to analog converter and
is the command signal to the servo-amplifier. The terms Kp. l(l and Kd are

the gains of the proportional, integral and the derivative terms. These

167




wep uq gi/8
13343au0) Jdojeuy o) jendig oy

Saull e1ep jiq g
0/1 13ndwo) soy o,

diyd 1ejjoajuc) uoijop uolstoald GZWT 2Yy JO syuswIaly 01'9 Sid

YIAOONT TVLNIRIUON! NV WOdd LNdNI
g v 1

|
elep 11q ¢¢
(10113U3n

£11o0[9p R 13podaQ)
105592014 douv1jUI
Joeqpaag uoljisod

@1ep Hq 91 _
s1ual2lja0) 19ty -

aslqewmivlforg ~

2 qid tendig

uor}ediunNUIWo) ejep 1q gg

J0j aoejiajuf “acwmm M:MEEoHU -
zaindwo Jojelaus 40329 Q.—.—.
1NCAIad 180 £10013p R uonisod

168



values are programmable and can be altered while the motion is being
executed. The parameter n is the motion controller sampling time and is
given by 2048/fcu(' The parameter (k &t) is the sampling time interval for
the derivative controller. The value of (k &t) ranges from 2048/1‘CLK to
65536/!‘CLK. This time may or may not be equal to the motion controller
sampling time (n &t) and is also programmable on fly. The proportional and

integral terms have a sampling time of 2048/1‘CLK. where fCL is the operating

K
frequency of the LM628. For the CONCIC-II AGV, the value of fcuc is 6 MHz,
and hence the sampling time is 341 pus. The term e(n &8t) is the
position/velocity error and is a function of the desired position/velocity

d(n &t) and actual position/velocity a(n 8t) at the sampling time (n &8t), and

is defined as

e{n 8t) = d(n 3t) - aln &t) (6.2)

The integration sum limit is represented as ll. This is given by

I (n 8t) = K, e(j at) (6.3)

The user can set a magnitude for Il. The controller then makes sure that the
sum of the integral terms dces not exceed this value. This is necessary to
prevent overshooting of the output signal compared to the desired value due

to integration.

The LMé628 chip accepts 5V TTL quadrature signals (A and B) from an
incremental encoder. Index pulse (I) can also be directly connected to the

chip. The chip has a built-in encoder decoding circuitry. The timing
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diagram for the quadrature encoders is shown in Fig. 6.11. From this figure
it can be inferred that because of the quadrature signal, the resolution of
the counting is multiplied by a factor of four compared to the number of
pulses per revolution of the encoder disc. The position and velocity
information +asired/actual) can be read directly from the LM628 chip. Here
the velocity is computed from the number of encoder pulses received. The
chip has an internal velocity profile generator. The profile generated is a
trapezoidal function with an acceleration period, a constant velocity period

and a deceleration period. This is illustrated in Fig. 6.12.

All trajectory parameters are 32-bit values. The position value has a
sign bit as well. Velocity and acceleration are only positive values. The
first 16 bits signify the integer and the lower 16 bits is the fractional
value. The code value of the position count that has to be loaded to the

LMé628 is

DP = SR * Desired wheel revolutions * GR (6.4)
Where,

DP - Desired position in number of encoder counts

SR - System Resolution = Encoder Resolution * 4; here the factor 4 is due to
the quadrature signal
output.

GR - Gear Ratio between the motor and the wheel

For CONCIC-2 AGV, the equations to compute the positions for the driving

and steering motors are

Encoder resolution 1024 counts per encoder revolution (drive motor).

256 counts per encoder revolution (steer motor).
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Fig. 6.12 LM628 Trajectory Generator Velocity Profile
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SR - System resolution = 4096 counts per encoder revolution (drive motor).

= 1024 counts per encoder revolution (steer motor).

GR - Gear Ratio 9.9 for driving motor.

0.0317 for steering motor.

Hence the coded value of DP to be loaded is

DP = 4096 * 9.9 * Driving wheel revolutions (6.5)

DP = 1024 * 0.037 * Steering wheel angular position (6.6)

. fos . .30 30
Since the range of value for the position count is -2° to (277} - 1, the
maximum number of driving wheel revolution counts that can be counted is

26479 revolutions. Position values are signed bits.

The operating clock rate (¢l) of the motion controller is 6 MHz. At this

rate, the sampling time &t is computed as
st= 2"/ 9, = 2048/ (6* 10%) = 341.0 ps (6.7)
The coded value of velocity V(coded) is given by the expression
Vicoded) = SR * 8t * CF * GR * desired wheel rpm * 65536 (6.8)
Here CF is the conversion factor from minutes to second, which is equal to
1/60. The factor 65536 is to adjust for the fractional part the velocity

data after conversion to counts per sample. For CONCIC-2, the value of

Vicoded) is given by
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V(drive) = 4096 * 9.9 * 341 * 10™° * 65536 * desired rpm/60.0 (6.9)

V(steer) = 1024 * 0.317 * 341 * 10™® * 65536 * desired rpm/60.0 (6.10)

The acceleration is computed from
A = SR * 8t * St * desired acceleration * GR (6.11)

The acceleration equation for CONCIC-2 is given by

Aldrive) 4096 * 9.9 * 341 * 10°° * 341 * 10°® » 9.9 * acceleration (6.12)

1024 * 0.317 * 341 * 10°° » 341 * 1078 * 9.9 * acceleration(6.13)

Alsteer)

One of the limitations of this chip is that the acceleration value
cannot be changed while the motion is being executed. The acceleration can
be changed only after a motor off command is executed and the trajectory
command that was issued before is completed. Owing to constant acceleration,
whenever the AGV is commanded to stop while following a track with a
curvature, the vehicle will move towards the inside of the curvature. This
happens when the two wheels are loaded with the same acceleration values.
This is because the outer wheel that is running faster than the inner wheel
takes longer time to come to a stop due to constant deceleration value.
Another limitation is that the velocity profile is trapezoidal and this is
the only profile available. The third limitation is that the actual velocity
of the motor read from the chip by executing the actual velocity command is
only 16 bits and this corresponds to a wheel speed of #*4.2 rpm for the

experimental AGV discussed in this chapter.
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6.3.3 Servo Amplifiers

The second important element of the servo control loop is the
servo-amplifier. A servo amplifier provides the power as required by the
motor depending upon the load driven by the motor and the desired speed set
by the user. Figure. 6.13 shows the circuit diagram of the servo amplifier.
The off-the-shelf servo amplifiers from Galil Motion Control {84] employed in
the AGV are pulse width modulation amplifiers with H-type output circuitry,
operating in current mode with armature current feedback. Figure. 6.14 shows
an amplifier with an H-type circuitry and this provides bi-directional
control. This amplifier is a four quadrant amplifier thereby providing a
full bi-directional control of motors. The input voltage is 24 volts dc, the
continuous and the peak currents are set at 9 amps and 37 amps respectively.
The switching frequency is 2J KHz. The input to the amplifier is an analog
signal in the %7.5 volt range. The amplifier is provided with a power stage
as well as a logic stage. The power stage has the pulse width modulation
unit and the power transistors to drive the motor. The logic stage generates
the error signals for the power stage depending upon the load requirements
and performs a variety of logic functions. The logic stage has provisions to
switch off the amplifier or inhibit the motor in either or both directions,
provisions to set the continuous and peak currents, provide self diagnostics
for trouble shooting purposes, etc. Fig. 6.15 is a photograph of the servo

amplifier showing the two stages and the terminals for connections.

The servo amplifiers have been set to operate in current mode with
current feedback and the current amplifier operates as an inverting
amplifier. There is no other feedback connection to the amplifier as digital

feedback is employed with the LM628 motion controllers. The current loop
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1.

2.

PULSE WIDTHI MODULATION SERVO AMPLIFIER

Logic Stage 3. Gain Potentiometers

Power Stage 4. Terminals

Fig. 6.15 Photograph of Galil Servo Amplifier
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compares the load current with the desired current as computed by the error
amplifier based on the feedback information. The current amplifier also
ensures that the current input to the power stage does not exceed the current

limits set by the user.

6.3.4 Guidance System

An optical technique using a relatively inexpensive camera vision
technique is employed for guidance. An on-board computer processes frames of
the image of the track as captured by the camera. The instantaneous position
and orientation of the vehicle relative to the track is determined and is

used to steer the vehicle so as to reduce the deviation.

It has been mentioned in section 2.3.2 that the use of & binary camera
with optic rams is more suitable compared to the existing means of guidance.
One camera which embodies the optic-ram is the IDETIX digitizing camera from
the Micron Technology [85). A camera interface board transfers the image
information to the host computer memory by the Direct Memory Access (DMA)
mechanism. A photograph of the camera and the interface are shown in

Fig. 6.16. This camera has been chosen for the following reasons :

e The time taken to transfer a byte of image from the camera to the pc
memory is 6.5 us. This fast data transfer rate is desirable for

real-time control.

® Ability to access the pixels of the image window randomly. This feature
is useful to analyze only a small portion of the image window. This

results in greater saving in processing time.
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1. Camera Head
2. Lens (4.2 mm)

3. Camera Controller Interface Card

Fig. 6.16 Photograph of the IDETIX Digitizing Camera System
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8 The operating window size is modifiable by software. This also provides
the same flexibility as in the previous case. The only difference is
that the image data received from the camera can be made much smaller
instead of the entire window. This reduces the time taken for image

transfer.

e It supports two types of optic ram chips namely, IS32 (128 x 256)

and IS256 (256 x S512) thereby providing a wide range of resolution.

® Multiple camera heads can be connected to the interface board with an
external hardware to select the camera for image transfer. The
experimental AGV has a camera at the front and at the rear. These two
are connected to the same controller. A multiplexer is designed to
receive one Kbyte of image from one camera and another Kbyte of image

from the second camera subsequently.

Important factors to be considered while employing camera vision for
guidance are, the type of lens and the location of the camera. If the camera
is too close to the floor, then the accuracy with which the track is read by
the camera improves. However in this sitvation the window size becomes very
small and this limits the maximum speed at which the vehicle can operate.
This is because the small window dimension limits the maximum overshoot
(deviation from the desired track) the vehicle can tolerate without losing
the track image. 16 mm lens provides high resolution images but the window
is small and are not suitable candidate when the vehicle is to operate at
high velocity. In the present design, we have chosen a 4.2 mm lens and the
distance between the lens and the ground is adjusted to be approximately

200 mm. This provides an image window size that is 50 mm deep and 250 mm
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wide. The track width is typically 30 mm wide. These dimensions result in a
reasonably good image and the vehicle can have a maximum overshoot of 0.125 m
on either side of the track. For this size of the viewing window the track
image may be approximated by a straight line, the parameters of which may
change from frame to frame. From the experimental results it was observed
that the maximum speed that can be achieved is 0.95 m/s for a circular track
of 2.0 m diameter. The parameters of the camera and the track image are
defined in Fig. 6.17. This image shows the camera image window resolution
distance in mm per pixel, the track image and the noise, the equation that

best describes the track and the parameters of steering control,

The optic ram chip employed has 65,536 elements arranged in 128 rows and
256 columns. There are provisions to use a subset of this array (e.g. 64 by
128). Each element is connected to a capacitor, precharged to 5 volts at
each refresh cycle. When the reflected light from an object falls on a
particular element, the corresponding capacitor is discharged. A threshold
charge-level is suitably chosen so that the light intensity of the image may
be digitized into two levels. Capacitors with less than the threshold level
of charge are regarded as white pixels, and are assigned the logic level O.
The black pixels on the other hand are assigned the logic value 1. The
values (0O or 1) of the image are transferred from the camera interface board
to the computer memory. The average time taken to transfer 1 K byte of pixel
information is 6.5 ms for the CONCIC-II AGV, corresponding to a window of

64x128 pixels. R
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6.3.5 Power System

The layout of the power system of the vehicle is shown in }tlg. 6.18.
This figure shows the components of the power system, and the necessary
connections to perform a variety of functions. The power system of the AGV
consists of a dc to ac inverter providing ac power for the host computer and
lights for the cameras. The power system also provides power for the servo
amplifiers, Power for these units are derived from two 12 Volt dc batteries
rated at 75 Amp hrs. Relays ere (shown only in the safety circuit board -
Fig. C.12) provided to control the power to the motors and amplifiers. Some
of these relays are activated by the computer in order to make sure that the
components of the vehicle are functioning properly before powering the
motors. There is also provision in the power system to charge the batteries
as and when required. Push buttons (marked as RED and GREEN) are provided to
shut the motor power (emergency stop) and to power the motors. Switches (SWI
to SWS) are the main power switch (SW2), switch on the computer and monitor

power (SW4), set the power for the computer and monitor as internal or

external (SWS), power for the front and rear lights (SW1 and SW3).

6.3.6 Overall Feedback Control Loop

The control loop of the AGV is presented in Fig. 6.19. The binary
digitizing camera provides a visual feedback of the absolute position of the
AGV (section 4.6) and the steering angle is computed using the methodology
described in section 5.2. This information is used to compute the changes in
the wheel speeds required to follow the track on the floor. Using equations
(4.7) and (4.8) the wheel speeds are computed. These values are the command
signals to the trajectory generator of the LM628 chip. The output of the

trajectory generator of the LM628 is the instantaneous velocity command and
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is available at every 341 ps intervals. The summation block shown compares
the instantaneous values of the desired speed and the actual speed of the
motor and generates the error signal. The actual motor speed information is
provided by the incremental optical encoders with quadrature output signals.
The output of the summation loops is then passed through the PID filter. A
digital to analog converter (DAC-08) converts the filter output to an analog

signal for the PWM amplifier.

The output of the DAC is connected to a gain potentiometer with a dc
gain of 10.0. This amplified signal is then sent through an inverting
amplifier whose dc gain is 2.0. The output of this amplifier is connected to
the current amplifier and then to the PWM power stage. The power stage of
the amplifier uses pulse width modulation (PWM) to provide the desired power
to the motor depending upon the error signal generated. The PWM section of

the amplifier is connected to the motor terminal.

6.3.7 Radio Link

A radio link has been incorporated [85, 86] as an optional feature for
communication between the host computer of the AGV and an external computer.
It should be noted here that this facility is not essential to test the
control schemes. A block diagram of the radio link is presented in Fig.
6.20. This figure shows the components of the radio link and the connections
between them. The remote link facility consists of a special purpose modem
which can translate computer signals from an RS-232 serial port into FM-radio
signals for the transmitter/receiver of a cordless telephone. An external
computer is connected to the modem using the serial port. The host computer

of the AGV communicates with another modem with similar cl.aracteristics.
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Host Computer
and the Application

Control Software

Serial Card RS-232

\‘/ Antenna

Cordless Telephone
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(HF Radio)

[V

——)

Kantronics All Mode
Communications Terminal
(KAM)

Supervisory Computer
and the Supervision

Software

Serial Card RS-232

<

\’/ Antenna

Cordless Telephone
Wall Mounting Unit

(HF Radio)

A4

Kantronics All Mode
Communications Terminal
(KAM)

Fig. 6.20 Block Diagram of the Radio Link
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This modem is connected to the transmitter/receiver of the cordless
telephone. A communication software is executed in both computers to
establish a link. After establishing the links, data transfer between the
computers can take place as and when desired. The application software
decodes the data that is being received and takes the appropriate action.
The current system operates at 300 baud. This matches well with the system
frame rate and hence the low baud rate of the modem does not degrade the

performance of the AGV system.

6.3.8 Data Acquisition System

An on-board data acquisition system has been designed and implemented in
the autonomous vehicle. This system is necessary to study the behavior of
the AGV under varying operating -onditions and controller settings. The data
acquisition system is provided with hardware and software ch~nnels. There
are 32 hardware channels out of which 12 are used currently and the remaining
20 are for future development. The hardware channels are provided to

maintain a time history of the following:

® Motor terminal voltages from both motors
e Peak and continuous currents of the motor (load/no load)
e Command signal input to the servo amplifiers

e Battery voltages

From the motor voltages and currents the power consumption and the motor
torques are evaluated. The continuous currents is measured in two channels.
One is to record the low currents when the AGV is not carrying any payload

and the other is to record the higher value of the current when the AGV is
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loaded. The peak current channel records the starting current required by
the motors. The input to the servo-amplifier and its output to the motor are
useful in obtaining the characteristics of the amplifier and DAC. This
information is needed for the dynamic modeling of AGVs for simulation and to
implement controllers based on the dynamics of AGVs as well as for simulating
the controllers for AGVs. The battery voltage indicates whether the

batteries are in good condition for the normal functioning of the AGV.

There are a total of 12 software channels. The operating system
software has provisions for inclusion of more software channels. The name
software channel is given to these as these channels store only the data that
is computed and not by direct measurement. The data recorded by the software

channels are

Desired wheel speeds read from the motion controllers.

® Actual wheel speeds read from the motion controllers.

® Actual speed of the wheels.

Position and orientation offsets from the front camera (cdf and eef).

Position and orientation offsets from the rear camera (cdr and cer).

Steering angle command based on camera information.

Control law in operation in dual camera mode.

This information is used by the scheme to identify the track geometry
scheme described in Chapter S. Fig. 6.21 is a block diagram of the data
acquisition system showing the hardware structure of the implementation for
hardware data acquisition. Referring to this figure it can be seen that the
data acquisition system is interrupt driven, multiplexed and demulitiplexed.

The multiplexer is provided at the analog side where the external analog
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compunents are connected through conditioning circuits. This multiplexer is
digitally controlled so that the channels selection for sampling can be
carried out by software. The conditioning circuits are to filter out any
noise that may be present in the analog signals, and also to amplify the
valid signals. The multiplexer is to select the channels whose signal has to
be sampled by the sample and hold circuit and is converted to digital by the
A to D converter which is the demultiplexer. Interrupt 3 of the host
computer is used to control the timing of the sampling. The timer is started
by the control software after the completion of the image acquisition. Timer
chip 8254 s programmed to generate an interrupt at every 16 ms which is the
time available between minimum value of the time taken for computations
between two consecutive imaging. This is done such that the voltages and
currents of the motors are read before issuing a new command to the motors by
the control software. Hence the data read from the data acquisition system
is =~.re or less (not fully) the supposed to be the steady state value
available. It is very difficult to wait for the steady state values as the
cycle time is one quarter of the time constant of the servo loop. The time
constant of the servo loop has ©been established experimentally in

section 7.2.4.

6.3.9 System Software Layout

The system software of the AGV is a top-down design, and is modular in
architecture to facilitate software maintenance and continual enhanzement.
The control codes are developed using the Borland Turbo-C compiler. It
contains several include files (parameter definitions), and about 50 major
sub functions/sub function groups besides the main supervisory subroutine, as

shown in Table 6.2. This table also shows the functions performed by each
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Main.c - Main Supervisory Module
Functions Referred by MAIN.C

keybd.c - Joystick operation

camera.c - Camera vision mode guidance
dual.c - Turn at junctions random/def ined
drc.c - Dead reckoning control mode
radio.c - Radio link mode -~ calls the
camcalib.c- Camera image & window calibration
modify.c - Alter the system default settings
default.c - Display the system default setup
menu.c — Display menu for various modules

LM628 Motion Controller Utilities

utility.c - LM628 Motion Controller utilities
write & read words, bytes, check busy,
write simul taneously, stop motor

filter.c - PID Filter gains

traj.c - Trajectory downloading

Data Acquisition System Routines

datacgqg.c - Interrupt driven data acquisition
datasel.c - Select data acquisition channels
dac_acqg.c - Select channel for calibration

data_chk.c- Get data from selected channel
disksave.c- Save the data acquired to disk

Camera Vision Routines

initcam.c - Camera controller initialization
cdrive.c - Camera controller utility functions
continuo.c- Set the camera in continuous imaging
single.¢c - Set the camera in single frame mode
movescr.c - Display the camera image on monitor
stopidx.c - Stop the camera

intime.c - Increase exposure time

detime.c - Decrease exposure time

analyze.c - Function to process & analyze image
timer.c - Function to start and stop 8254 timer
invkin.c - Compute wheel speeds (kinematics)
dualcam.c - Front and rear camera guidance

Track Geometry Identification

path.c — Identify track geometry in real-time
navigate.c— Guidance using geometry identif ication
drawpath.c— Sketch track and AGV profile-real-time

Optional Utilities

agvhost.¢c — Communication with the host computer
sonar.c — Ultrasonic sensor functions
safety.c - Vehicle safety feature functions

Table. 6.2 Operating Software Modules and Their Functions
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module. These sub functions range from system validation and calibration,
equipment calibration (camera, motors and data acquisition system), system
default setup and modification of the default values, image data filtering
and processing, and the driving and steering of the vehicle. The
architecture of the operating system software is presented in Fig. 6.22.
This figure shows the sub function modules and the interaction between
various modules in providing a overall control of the vehicle. The functions

performed by the various modes detailed in Appendix H.

In all the modes of operation, the software has provisions to start/stop
(function keys FI1/F2) the data acquisition if the data channels have been
chosen previously, switch on/off (F3/F4) the ultrasonic sensors, trace the
profile of the track or the path of the AGV on the floor in real-time (FS,
F6, F7, F8), continuously check for hardware and software problems (safety
circuit), smooth stop of the AGV using the deceleration value chosen (key
S/s), normal stop by issuing a zero voltage to the signal input of the
amplifiers (Space Bar), and perform a panic stop by reversing the polarity of
the input command (<ESC> key and <enter> key), provide a status report, and
either issue a stop command to the AGV or switch off the relays in order to
stop the power to the amplifiers. The vehicle is provided with only one
interrupt circuitry feature. As a result of this, either the ultrasonic
sensors or the data acquisition can be used as they both use the same

interrupt for control.

6.3.10. Timing Considerations
Since the real-time control of a mechanical system is considered in this

thesis, the time taken by the various functions performed is very important
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in order to attain a satisfactory performance. To evaluate the time taken by
various programming steps in the software, a hardware timer using 8254 chip
is built into the vehicle circuitry. This timer is also used to obtain the
sampling interval time for the PI controller in the camera vision mode.
Using this timer, the time taken by various modules in the camera vision mode
is evaluated and is provided in Table. 6.3. From this table it can be seen
that the system provides a frame rate of 16 to 25 frames a second depending
upon the features that are in use. The maximum time count is set at 200 ms

and is programmable.

Task Description '{;\':‘;
Camera Exposure Time 4.0
Image Acquisition & Transfer to Memory (1 Kbyte) |18.9
Image Processing and Analysis 3.0
Image Display in Real-time 6.5
Computing Wheel Speed Commands, Downloading Data
to Motion Controllers & Logical Functions 1.9
Data Acquisition for 8 Hardware Channels
Data Acquisition for 8 Software Channels 2.7
Total Time for One Cycle 44 .3

Table. 6.3 Timing Information for the Autonomous Vehicle

It can be seen that there is a discrepancy in the time presented here to
take one frame of image and transfer it to the computer memory compared to
the timing of 6.5 ms reported in the section 6.3.4, as wel. as in the IDETIX

camera users technical manual. The reason for this is due to the manner in
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which the camera is employed in the camera vision mode. The time 6.0 ms is
valid if and only if the camera is set to operate in continuous mode in which
the camera takes pictures continuously and transfers the image to the memory
without waiting for the image analysis to finish. This method also makes the
CPU busy, all the time working only with the camera controller. Another
problem associated with continuous imaging is that it will not be possible to
Judge whether the image in the memory belongs to one single frame or it is
composed off two or more frame: To alleviate these problems, the camera has
been to set to operate in single frame mode. With this mode of operation, as
soon as the camera controller completes the task of transferring one frame of
image to the computer memory, a stop command is issued to the camera to
disable the picture taking process. The image processing and analysis are
performed thereafter. After completing one set of computations, the camera
is enabled to take another picture and this process continues. As a result
of this, the camera needs parameter downloading while it is being stopped,

and this takes more time than 6.5 ms as reported.

6.3.11 Safety Features

The operating system of the vehicle has been provided with facilities
for self diagnosis in order to detect malfunctions in the various components.
Once a problem is noticed, the vehicle is commanded to stop either by the
operating software or by the hardware. The various aspects of safety one

need to consider for AGVs are identified and listed below.

1) Hardware should power the servo amplifiers only after the reset signal
from the PC is received and the servo controllers are checked by the

software.
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2) Emergency stop feature to shut the motor powers.

3) Provision to identify the signal input voitage level of the servo
amplifier exceeding the preset maximum voltage for full motor speed.

4) Provision to isolate the amplifiers from the motors.

5) A watch dog timer to monitor the computer for system hang ups due to
hardware and/or software problems when the vehicle is in motion.

6) Motion controllers should be checked for possible malfunctions at the
beginning before the amplifiers are powered as well as while the
vehicle is in motion.

7) Encoders must be checked for malfunctions when the system is started
as well as while the vehicle is in motion.

8) Ultrasonic sensors for cbstacle detection and stopping.

9) The amplifier powers should be turned on and off by the software.

10) Presence of valid image data should be checked.

11) Sufficient battery voltage for normal functioning of the system.

Fig. 6.23 shows the state diagram of the safety circuit and Fig. 6.24 is
the flow chart of the control software for the safety circuit. When the
computer performs a cold boot, the safety system may be in any one of the
several states indicated. On receiving a reset from the computer, the safety
circuit comes back to state-1 which is the initial state. This is indicated
by the route code CO-0. This is the stage where the emergency stop is not
activated, there is no over voltage to the servo amplifiers, motion
controllers received an hardware reset (input signal indicated by the
letter H) and the encoders are not tested yet. The letters XYZ in the state
block diagram represents the output display (LEDs) on the interface board

indicating the status of the safety system. ON condition of the red light on
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001
state 2

XYz
011

state 3

(. CO-0

INPUT "A"-> Motor over volt. + panic button

INPUT “B*-> LM628 check (1 = LM are OK)

— INPUT "C"-> Encoders (1 = encoders are OK)

F—__ INPUT "D*-> Watch dog (0= time not out)
— INPUT "E"-> Manual set

INPUT "F*-> Software set

INPUT "G"-> Software ON/OFF

INPUT "H"-> Computer reset

/'\BCDE#G
CO-0 XXXXXXX1 ——#= HARDWARE SETING
CO-1 01000010 —» OUTPUT 0X12
CO-2 01100010 ——» OUTPUT 0X16
CO-3 01100000 ——»~ OUTPUT 0X06
CO4 01000000 ——m= OUTPUT 0X02
CO-5 1XXX00X0 ——s OUTPUT 0X46
CO-6 00X000X0 ——s~ QUTPUT OX46/
CO-7 0XX100X0 ——s OUTPUT 0X46
CO-8 XXXX1110 ——p= OUTPUT 0X18
CO-9 XXXX1100 — = OUTPUT 0X08

Fig.6.23
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* state 1: initial state
state 2: testing encoder state
state 3: cruising state

* state 4: define problem state
state 5: debug state

* state 6: undefin problem state

* state 7: onyoff state

* :Servo-amplifiers disable states

SOFTWARE OQUTPUT

AT ADDRESS 0X28E

State Diagram of Safety Circuit Control Software



AGV Opersiing Software

State-1
SERVO-AMPUFIER MOTOR OFF
BEGIN —_—
DISABLE AED LIGHT ON
CHECK LMe28 N0 DISPLAY ERAOR ABORT EXECUTION
LMB28 OK ? MESSAGE
YES
OUTPUT AT ADRESS ENABLE BERVO-AMPLIFIER RED LIGHT OFF
OX28E ENABLE THE GREEN | ~——f»
DATA 0X12 BUTTON AMBER LIGHT FLASKING
9 | State-2
NO GREEN BYTTON ENABLE MOTOR
ACTIVATED BY THE
ORERATOR ? POWER
PUT RED LIQHT ON
DISABLE SERVO-AMPLIFIER |——— i
AMBER LIGHT OFF
OUTPUT AT ADRESS OUTPUT AT ADRESS State-7 AMBER LIGHT
OX28E OX28E oN
DATA OX18 DATA 0X06
[ State-2
SOFTWARE RESET AFTER QUTPUT AT ADDRESS AMBER UGHT OFF
oxzeE
INTERRUP? DATA 0X58 & OX45 RED LIGHT ON
RESET
COMMAND
WATCH DOG RESET NOT
| | D1BABLE SERVO-AMPUFIER
HARDWARE RECEIVED

Fig.e.24 Flow Chart of Safety Circuit Control Software
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the system panel indicates this status.

When the letter Z is assigned a value of 1 or LED Z is ON (logic 1),
then it means that the motion controllers have been tested and are found to
be functioning normally. This is indicated by the route code CO-1 where the
LM628s are checked and are found to be functioning normally. Referring to
the flow chart shown in Fig. 6.24, the software sends data OxI12 to the
address Ox28E to indicate the successful testing of LM628 chips. As a result
of this, the hardware switches on the relays supply power to the amplifiers.
The motor power can be turned on by activating the power button manually. A
software polling is performed to check whether the green button is activated
or not. During this stage the red light is off and an amber light flashes
indicating the motor power is not activated. Once the computer detects the
green button being activated, it sends a control signal to energize the

relays.

When a value of 1 is assigned to the letter Y (LED-Y ON state) it
indicates that the encoders are tested and are functioning properly. This is
state-3 and the route code is CO-2. After this, the vehicle can be operated
with the main operating software. The letter Z or the LED-Z when the LED-Z
is ON it indicates problems with the system and this cuts off the power to
the amplifiers. State-5 is the manual debugging state and this can be
reached from state-4 by sending an output value of Ox18 to address Ox28E.
State-6 indicates the situations that are not covered in the safety feature.
This is an undefined problem state. State-7 is provided to switch OFF the

safety features or bypass the safety features using the system software.
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An emergency stop button is provided to stop the vehicle manually for
safety reasons. When this button is activated, all the relays are
deenergized thereby cutting off the power to the motors. Once this button is
activated, the vehicle can be restarted only by hardware reset to the
computer. Activation of this button sets bit O to low and this status is
read by the software. There is no route code associated with the emergency
stop button. The software periodically checks for this condition and a

status message Emergency Stop Button Activated appears.

It is necessary to identify the situation wherein the control signal to
the amplifier exceeds a preset value which corresponds to a maximum motor
speed. In the current implementation, the wheels attain the maximum speed
when 6 bits of the DAC-08 are used and this corresponds to a control voltage
of 4.2 V to the servo amplifiers. If the motion controller generates a large
output command which would use more than the necessary 6 bits of the DAC,
this is an indication of problems with the control system. This condition is
detected by the hardware safety circuit and this sets bit-5 to logic | in the
PAL. This is indicated by the route code CO-5 and this takes the system to
state-4, The hardware safety disables the amplifiers and a DAC Output
Voltage Too High message is generated. The provision for isoclating the
motors from the amplifiers is to make sure that the back e.m.f of the motors
does not damage the amplifiers when the AGV is pushed manually. This is

accomplished by activating the emergency stop button.

A watch dog timer ensures that the host computer does not hang up while

the AGV is in motion. Without this feature, the computer control will not be
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functioning and the motors will be rotating at the last specified command
velocity. Once the computer control is lost, the AGV can be stopped only by
switching off the power to the amplifiers. To bypass this condition, an
external timing circuit with a software interrupt is designed which requires
a reset counter signal from the master computer before a preset time duration
is attained. Currently this time has been set at 60 ms arbitrarily . If the
reset signal is not received before this 60 ms duration, a signal is
generated by this watch dog circuit to set bit 7 of the PAL to a logic value
O as in the state diagram Fig. 6.23. This is indicated by the route code
CO-7 and state-4 is reached. This condition switches off the control relays
that are controlling the power to the amplifiers and hence the motor power is
cut off. Once the vehicle is stopped by the watch dog timer, the vehicle can

be restarted only by performing a hardware reset of the computer.

Initially, before the vehicle moves, the motion controllers are checked
by the software for the presence of the LM628 motion controller chip and
possible malfunctions. The absence of the motion controller is detected when
the data read from the status register address is OXFF. Once this condition
is noticed, the execution of the software is aborted. System diagnostics
provide a status report as LM628 Motion Controllers Missing. If the motion
controllers are present the following checks are performed to identify

malfunctioning of the chips.

During the entire execution of the software, malfunctions can be noticed
whenever the busy bit of the status register of the LM628 does not appear
within 100 ms. This condition terminates the software execution and the

diagnostic message LM628 not responding appears. If the busy bit checking is
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passed, then a further check is carried out to check whether the registers of

the chip are functioning properly.

After the busy bit check is passed and before entering the main menu of
the operating software, a known data (speed or position) is written to the
registers of the motion controller and is read back to check the write/read
registers. Discrepancies in the data comparison results in the termination
of the software execution and the diagnostic message LM628 Mal functioning
appears. When the vehicle is in motion, this check is implemented in a
different way. Since a speed or position data is always written to the
motion controllers only data read has to be performed to establish the status
of the read/write registers. The malfunctioning of the LM628 cuts off power

to the motors and state-4 is reached and the route is indicated by CO-6.

The encoders are monitored by checking the validity of the data received
from them. Initially, before displaying the operating menu, a small position
or velocity command is issued to the motion controllers and the actual
position or velocity of the wheels are checked. Before issuing this a
command to the motion controllers, the software checks the status of the
green button explained earlier is performed. If the feedback data read is
not valid, bit 2 in the safety circuit of the PAL is set to logic O as in the
state diagram of Fig. 6.24, The execution of the software terminates on
detecting this error. If the encoder check is not successful when the
vehicle is moving, the vehicle is commanded to stop by using the software
motor off command of the LM628 motion controller chip. This command is used
as it does not use the feedback information while stopping. A message

Encoders Malfunctioning in Servo Loop is generated by the diagnostic software
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along with the servo loop number where the problem is noticed..

The provision of \ultrasonic sensors is for obstacle detection and
collision avoidance. In this, the ultrasonic sensors are provided at the
front of the vehicle, These devices are turned on and off by software
control. When an obstacle is detected, a software interrupt is generated and
the vehicle is brought to a halt using the motor off command which results in
a fairly smooth stop. The diagnostic software produces a message Obstacle
detected. Once the obstacle is removed, the vehicle accelerates to the

original speed.

The image analysis function checks continuously the validity of the
image as received by the camera. This sets a flag called imageok_flag. If
the image is valid, i.e., track image with a normal predefined width (35 mm
in the case of CONCIC-II AGV), then the flag is set to 0. If the image is
mostly white, the flag is set to ~100 and for a mostly black/dark condition,
the flag is set to 100. While in camera mode (continuous running mode with
no turning option), if the flag generated is ~I1"0 for four continuous frames,
then the AGV is commanded to perform a motor off stop. If the flag is 100,
then the current image data is ignored and the vehicle proceeds based on the

previous data. The system messages window displays Invalid Image Data.

The data acquisition system of the AGV provides the actual battery
voltage and this information is used by the operating svstem software to
decide whether the vehicle is in condition for normal functioning or not. If
the batteries voltages are low, then a Battery Voltage Insufficient message

appears on the status window.
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It should be noted that in all the cases described in the safety
features section, the vehicle is commanded to stop whenever a problem is
detected. If the vehicle has been stopped by a software error detection, one
could restart the AGV by reloading the software. On the contrary if the
stopping is due to hardware problems, it is necessary to restart the entire

computing system.

6.4 Summary

In this chapter, the design philosophy and system architecture of an
autonomous vehicle are presented. The present design facilitates a versatile
research vehicle with which performance studies of various wheelbase
configurations can be carried out. The modular design concept in selecting
the various components provides easier system upgrading with the
technological advancement. The employment of low cost vision technique
coupled with an efficient image processing technique obviates the necessity
to employ a complicated and sophisticated guidance system. Employment of
special purpose motion controller chip LM628 simplifies the controller design
and also offers concurrent control of multiple motors as these chips can
operate without having to use the bus of the host computer. Provision of
on-line data acquisition system is useful for system validation. The dual
camera guidance concept provides forward and backward travel as well as
accurate tracking capability. A complete investigation on the safety
features required for the AGV is carried out and has been implemented. The
operating software is modular in nature and has variety of features.

Operating parameters of the system can be modified on-line.
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From Table. 6.1 it can be inferred that the operating system provides
images of the track at a rate of 20 to 25 frames/s. As a result of this very
high frame rate and a stable performance are expected at higher velocities
and with tracks having smaller radii of curvature. Referring to Table 6.1,
it can be seen that the vehicle has a payload of 600 lb in addition to its
dead weight of 275 Ib. In camera mode a maximum speed of 0.93 m/s on a

circular track of 1.7 m radius is achieved.
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CHAPTER 7
VALIDATION OF GUIDANCE CONTROL
BY SIMULATION AND EXPERIMENTATION

7.1 Introduction

This chapter presents results on simulations and experiments performed
to study the effectiveness of the guidance and control schemes proposed in
the previous chapters. This chapter has been divided into four sections.
The first section presents results obtained from calibrating the control
components of the prototype AGV. The objective of these tests are to
establish the linearity and the operating limits of these components for
control purposes. The second section (7.2) discusses the experimental
results obtained with the control scheme that uses the parameters of steering
obtained from a single camera at the front end of the vehicle. Track
profiles considered are, straight line, straight line track with an offset,
circular profile and elliptic profile. These results illustrate the ability

of the control scheme to provide accurate track following of the vehicle.

The third section (7.4) of this chapter is on vehicle guidance using two
cameras, one at the front and the other at the rear end of the vehicle.
Here, simulation studies and experimental results in following a straight
line track and a circular track are provided. A simulation package based on
a dynamic model of the CONCIC-II AGV developed by Huang [35] is used to
provide simulations. This package has been developed for a guidance scheme
employing camera at the front end of the vehicle. Appropriate modifications
are thus made to the package to include the guidance scheme that employs the

rear camera as well. An abridged version of the dynamic model equations is




presented in Appendix G. Program listing of the simulation package is also

included in this appendix.

The fourth section (section 75) presents the results of identifying the
geometry of the track profile and the desired values of the position and the
orientation offsets for accurate tracking. For this purpose simulations and
experimental data are used. In this section experimental results for
guidance control are not provided as they are not carried out. This is
because the computational requirements of this scheme is beyond the scope of
the prototype AGV. Nonetheless, research is underway to use parallel

processing hardwares for this purpose.

Simulation studies are to verify the equations as these data are free of
noise. Simulations are carried out with a known track profile. Offline
calculations are performed with data from an experimental vehicle. These
calculations provide the identified geometry of the track, the coefficients
of a function that closely describe the track profile, and the desired values

of the parameters of steering control for accurate driving.

7.2 Component Calibration

Components of the servo loop of the vehicle, namely, the digital to
analog converter (DAC), the servo amplifier, and the motor are calibrated
here. Calibration experiments are carried out to study the effect of a
number of rows of image considered for the LSES. The results indicated a
marginal improvement (less than 1%) when the number of rows is increased from
3 to 30. Hence these results are not provided here. Some experiments are

carried out to provide exact model of the components of the AGV for modeling
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and simulation purposes. Huang [35] has used this information to model the
AGV and to carry out simulation studies. Some of the experiments carried out
and not discussed in this thesis are, calibration of the data acquisition
channels and estimating the servo delay of the motor-amplifier set. Using
the results of data acquisition from the AGV, Huang (35] verified the
correctness of the simulations model and the software package to simulate the
CONCIC-1I AGV. It has been mentioned earlier that this model and the
software package have been used to carry out simulation studies on the

guidance scheme that employs two cameras.

7.2.1 DAC-08 Calibration

This experiment is to establish the linearity of the digital to analog
converter (DAC) and then to evaluate the gain of the DAC for modeling
purposes. The gain is expressed in voltage output per unit variation in the
data input to the DAC. The results are shown in Figs. 7.1a & 7.1b for the
DACs in the control loops of motors A & B respectively. A regression
equation is also presented. From the results, for motor-A, it can be
observed that the output voltage is zero when the input is 127 (0111 1111 in
binary form), the positive maximum is attained at 164 (0l00 1100) and the
negative maximum is at 80 (1101 0000). Here the most significant bit (bit 7)
is the sign bit (+/-). It can be seen that of the 8 bits available, only six
bits are used to cover the entire operating speed range of the motor.
Similarly for motor-B, the positive maximum is at 72 (0100 1000), the
negative maximum is at 176 (101l 0000) and the zero output is at
127 (0111 1111). The outputs of DACs for the motors A & B are reversed as
they are mounted to rotate in opposite directions. This is due to operating

constraints posed by the structure of the AGV.
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7.2.2 Servo Amplifier Calibration

The output signal of the DAC is the input signal to the servo amplifier.
This input is the command signal for the amplifier which controls the
terminal voltage of the motor which in turn decides the motor speed.
Experiments are designed to test the linearity of the servo amplifier with
the motor and to compute the amplifier gain. The results are presented in
Figs. 7.2a & 7.2b. The result is not linear and a power series expression is
present for the response. This shows the presence of some non-linear

component in the amplifier.

7.2.3 Motor Calibration

Experiments are carried out to obtain the relationship between the
desired and the actual speed of the motor, and the motor terminal voltage.
The results for motors A and B are illustrated in Fig. 7.3a to 7.3b. A
linear relationship exists between the speed values and the terminal
voltages. This establishes that the motor speed can be varied by changing

the terminal voitage linearly.

7.3 Experimental Results in Track Following

The magnitude of the vehicle acceleration has been established
experimentally and the recommended value is 0.024 m/s%.  The value of the PID
gains are also experimentally evaluated and are 225, 100, 50 and 30 for Kp,
K‘, K 4 and Il respectively. Results showing the effect of controlier gains
of the P & Pl controllers of the camera feedback loop are presented. The
transient and steady state response of the vehicle to variations in track
geometry are investigated. Some results pertaining to following a straight

line track, circular and elliptic tracks are provided.
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7.3.1 Effect of P and PI Controller Gains on Performance

The results of using a proportional controller in the camera feedback
loop for various gain settings are compared In Fig. 7.4. The performance of
a PI controller is also included. For a P-controller a suitable gain is in
the  vicinity of 2.5. This controller compares favorably with the
PI controller (P = 2.5 & 1 = 0.07). However the latter exhibits better
steady state performance compared to that of a P-controller, and is preferred
for the vehicle. It was also established by Huang [35] by simulations, that
the gain settings chosen experimentally are the best values that results in a

satisfactory performance of the vehicle.

7.3.2 Track Following Performance at Various Speeds for
Straight Line Tracks

Tests are conducted for various values of linear velocity (step input)
of the AGV with no payload and the results are shown in Fig. 7.5a. During
the initial transient period (O to 4 s), the vehicle tends to build up its
speed while allowing the magnitude of the position offset to grow. Rapid
corrective action takes place after this, resulting in an overshoot, followed
by a satisfactory tracking performance. This initial behavior is due to the
design characteristics of the motion controller chip LM628. It has been
mentioned in section 6.3.2 that while the acceleration value for the
trajectory profile is pr.grammable, it remains in force until a stop command

is issued to the chip.

Servo loop continues the speed build-up with the said constant

acceleration, until the instantaneous speed error is zero. This performance
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is very well illustrated in Fig. 7.5b, which shows the speed response for one
of the two wheels. Again, the response as obtained from the LM628 speed is
shown with the response computed by the control software. The magnitude of
the initial position error because of this behavior of the controller chip is
still within 0.1 m. The transient period from stop to full speed is less
than 7 s even for 0.8 m/s.

Perforu.ance study results for the vehicle travelling with and without a
payload are presented in Fig. 7.6 with identical initial conditions. The
maximum offset with a payload is 33% less. The steady state performance for
the two cases show little difference. Tests are carried out with different
initial conditions at the normal operating speed of the vehicle. This test
is to establish the maximum initial offsets that the guidance scheme can
tolerate. The results of this test are provided in Fig. 7.7. The behavior
is the same for positive and negative position offsets, and even an initial
position offset of -0.08 m (8 cm), which is 80% of the maximum value of the

window dimension of the camera, provided a satisfactory response.

7.3.3 Dynamic Response for a Sudden Change in the Location of the Track

Figure. 7.8a shows the dynamic response of the AGV to a sudden change in
the location of the geometry of the track, a situation designed to study the
robustness cf the guidance control of the vehicle. The straight-line track
is offset by 0.065 m, and it occurs at a point the vehicle has attained the
desired speed. In the upper portion of Fig. 7.8a, the actual track condition
is presented. This figure also shows the transient and steady state
responses. The test is conducted at vehicle speeds 0.79 m/s, 0.63 m/s,
0.47 m/s and 0.31 m/s. A 10% overshoot is observed, providing satisfactory

recovery of the vehicle after a sudden geometric change in the track. The
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measured value of the offset by the image processing scheme is 0.70 m and the
error is approximately 8%. A transient period of 3.0 s (approximately) is

observed for a vehicle speed of 0.63 m/s.

For the track with an offset shown in Fig. 7.8a, the track profile and
the vehicle response curve are presented Fig. 7.8b. The coordinates of the
track and the vehicle at various time instants are computed using the schemes
described in section 5.4.1. The computed track profile has an error of 1%
(0.1 m over a distance of 10 m). This is attributed to errors in computing
the wheel speeds, errors in evaluating the physical parameters of the
vehicle, errors in establishing the position offset (cd) and accumulated
errors of computations. The computed track profile shows overshoots at

higher velocities due to vibrations resulting from the camera mounting.

7.3.4 Minimum Stopping Distance on Straight Lire Tracks

This experiment is to establish the distance travelled by the AGV before
coming to a full stop after a stop command is issued to the motors by means
of the motor off feature of the LM628 motion controller. This information is
useful for parking purposes where it is necessary to know at what speed the
vehicle should be running in order to make sure the vehicle stops with
minimum overshoots. The motor off command is issued in the experiment by the
operating software when it detects the absence of the track image on the
floor. When the motor off command is issued, a zero voltage is given as an
output to the motors and the motor is allowed to come to a stop by itself.
Figure. 7.9 presents the results at various linear speeds of the vehicle.
The minimum stopping distance of 5 mm is observed when the vehicle is

operated at a speed of 0.16 m/s and is the recommended speed for parking.
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The results have an error of 1%.

7.3.5 Conic Profiles

Conic profiles considered are circles and ellipses. It has been
mentioned in section 7.3.2 that the LM628 follows a linear velocity profile
and the acceleration value cannot be changed while the vehicle is in motion.
As a result of this, the transient response of the vehicle for step input
cannot be obtained while following a conic track profile and the speed

commands are given to the LM628 in small increments.

Figure. 7.10 presents results from experiments carried out on a circular
track of radius 2.95 m with and without a payload. It can be seen that the
results do not present degradation of performance with payload compared to

the case without the payload.

As in straight line tracks, here also the dynamic response of the AGV to
a sudden change in the track position is studied. Fig. 7.11 shows that a
portion of the tape of the circular track has been shifted radially outwards.
This figure shows the position offset as measured by the front end of the
vehicle. This shows the position error or the offset in the track location
as measured by the camera and the time taken for the vehicle to follow the
track in the new location. The position offset measured has an error 8% and
the time taken for the vehicle to follow the track at the new location is

3 seconds.

Position offsets while following an elliptic track at various speeds is

shown in Fig. 7.12. Since the curvature of the track changes constantly, the
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po='tion offset various cyclically. The magnitude of the peaks at various

speeds are more or less the same.

7.4 Performance Comparison of Dual and Single Camera
Guidance - Simulation Results

Simulations are carried out to study the effectiveness of the guidance
scheme based on the dual camera in providing accurate track following of the
front and rear ends of the vehicle, Two sets of results are provided for
track following of a straight line track and a circular track. The initial
condition of the AGV for these sets are chosen such that for one set, the
front and rear ends are on one side of the track, and for the other they are
on opposite sides of the track. In order to clearly identify the improvement
in tracking during the transient and steady states, it is necessary to
eliminate the effect of constant acceleration problem of the LM628 motion

controller chips. For this purpose the following approach is employed.

Figures. 7.13a & 7.13b are for following a straight line track with the
two initial conditions mentioned above. The gain of the controllers are
provided in the figures. The magnitude of these gains are arrived by trial
and error. Large gain values are employed initially so that the front end of
the AGV crosses the track faster, and thereafter smaller gain values to
achieve asymptotic error correction. From the results it can be seen that in
both (single and dual) guidance schemes the tracking position offsets at the
front and rear ends of the vehicle become zero eventually, and in the results
presented, the time taken is approximately 10 s. The interesting aspect of
the dual camera guidance is that it reduces the total time taken to attain
close to =zero tracking position offset. Figure. 7.13a is for the initial

condition in which the front and rear ends are on the same side of the track.
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This figure shows that the time taken to reduce the front and rear tracking
offsets to 0.0l m (57 of the window dimension). In the case of single camera
guidance, the rear end offset is reduced in 6.3 s whereas the front offset is
reduced in about 2 s. On the contrary, the dual camera reduces front and
rear offsets in about 3.0 s and 3.6 s respectively, thereby resulting in a
faster reduction in tracking offset for the rear end (447% reduction in time).
Similarly, Fig. 7.13b shows the performance improvement with dual camera for
the initial condition in which the front and the rear ends of the AGV are on
opposite sides of the track. As mentioned in Chapter 5, the value of the
gain-G3 is not the same in Figures. 7.13a & 7.13b and hence demonstrates the

use of variable gains in the control loop.

A circular track of radius 3.0 m is chosen for simulation. The results
of following this circular track are shown in Figs. 7.14 to 7.16. It can be
inferred from Fig. 7.14a that the single camera guidance requires 7.8 s and
2.4 s to reduce the position offsets of the rear and the front ends of the
AGV to 57 of the camera window dimension (0.01 m). As in the case of
straight lines, here also, the guidance scheme using dual cameras requires
slightly more time for the front end (3.3 s) and much less time for the rear
end (4.6 s). This demonsuates the suitability of the guidance scheme
employing dual cameras for circular tracks. Figure. 7.14b is for situation
where the front and rear ends are on opposite sides of the track. In this,
though the total time taken by both scheme to reduce the position offsets to
within 5% of the window dimension is the same, the dual camera exhibits
better performance as there are less or no oscillations. Both schemes
exhibit steady state errors of 5% and 2.5% respectively for the two cases

considered. This is due to the absence of an integral controiler. The
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variation of the orientation offset of the vehicle is presented in
Figs. 7.15 and 7.16. The dual camera guidance shows marginal improvement in
terms of time taken to attain the same orientation for the front and rear
ends. Better performance results from the use of dual camera guidance due to
the absence of oscillations. These results illustrate the suitability of the
guidance scheme based on dual cameras to park the AGV accurately within a

short span of time.

7.5 Iidentification of Track Geometry
7.5.1 Simulation Results

It has been mentioned in section 5.4.1 that there are two schemes,
namely, the trapezoidal and the Simpson's parabolic approximations to compute
the position coordinates of the vehicle from the wheel speeds information.
Simulation results are presented in this section to show the effectiveness of
one scheme over the other. For this purpose, the wheel speed information is
obtained from the simulation package of Huang [3Sl. For the scheme on
identifying the track geometry, illustrations are provided to show the
correctness of the formulations. The input data for these illustrations are
obtained from assumed track functions. The identified profile is compared
with the assumed function. The parameters of steering control are generated

and are provided.

7.5.1.1 Comparison of Integration Approximation Schemes

Figure. 7.17 presents the results of computing the distances travelled
by the AGV along the X and Y axes of an inertial frame. The computations are
performed using the trapezoidal and Simpson’s formulations presented in

Chapter 5. The X-distance is the offset distance between the track and the
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geometric center of the AGV. The Y-distance is the total! distance travelled
along/parallel to the Y-axis of the inertial frame. In this figure the solid
lines show the response computed using the simulation package based on a
dynamic model of the vehicle [75]). Using equations (5.34) and (5.35), the
coordinates of the geometric center of the AGV at various time instants are
computed. It can be seen from the figure that after a travel of 1.5 m along
the Y-direction, for the simulations based on the dynamic model, the
X-distance approaches zero, whereas in the case of computations based on the
trapezoidal and parabolic approximation schemes, offsets of 3 mm and 6 mm
are noticed. Though this difference is insignificant, the trajectory
obtained using the trapezoidal approximation is closer to the dynamic model
profile and hence is the preferred choice. This result also indicates that
it is not necessary to use a dynamic model of the vehicle to describe the

path of the geometric center and a kinematic model is sufficient.

7.5.1.2 Identifying Polynomial Profiles
A polynomial function of the following form is chosen to provide the X

and Y position values as a function of the total time elapsed and the vehicle

speed.
X=a +a Vt+a V2t
0 1 2
Y=b +b Vt+b Vot
0 1 2
The coefficients are chosen to be a, = -3.0; a = -5.0; a, = 5.0; b0 =

-2.0; bl = =3.0; b2 = 1.0. The sampling time and the vehicle speed are
chosen as 50 ms and 0.3 m/s respectively. The convergence of the
coefficients (a's and b’s) are shown in Fig. 7.18. Referring to this figure,

it can be seen that, the magnitudes of all the coefficients with the
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exception of a, and bo are large for the first 50 samples. This is due to
the fact that the data available during this stage are not sufficiently far
apart to describe the geometry. Very close convergence to the actual value
is observed at around 200 samples or 10 seconds. Total convergence is
observed after 400 samples, i.e. 20 seconds. This is equivalent to a
distance travel of 6 m along the polynomial profile. The deviation between
the estimated and the actual value of the coefficients are 2.6%, 1%, 0.1%,

2.5%, 172, and 0.1% fora ,a, a_, b, b, and b respectively.
o0 1" 2 0 1 2

7.5.1.3 Polynomial and Straight Line Forms for Straight Line Tracks

It has been mentioned in section 5.4.2.4 that the polynomial
approximation can be extended to compute the coefficients of a straight line
track function without an explicit formulation. This section presents the
results of convergence using the polynomial approximation and the straight
line approximation (y=mx+c form). The results of convergence of the
coefficients m and ¢ of the straight line track are presented in
Figs. 7.19a & 7.19b. The assumed eqwution is of the form y = 1.333 x + 2.0.
From the results it can be seen that the straight line function provides
faster convergence than the polynomial form. However, the initial values of
the coefficients obtained are very large in the former case. Hence during
the beginning stages of the identification scheme upto a distance travel of
1.5 m (which is 100 samples or 5 seconds in the present case), it is
advisable to use the polynomial formulation and then switch to the straight

line formulation thereafter.
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71.5.1.4 ldentification of Conic Profiles - Circular Track Function

A circular function of the form 3.0° = X® + Y? is used as a reference to
generate the X, Y coordinates and the orientation 0.
Figures. 7.20a and 7.20b illustrate the convergence of the coefficients (a's
and b's) and the parameters of the circle (radius-R, x and y coordinates of
the center). From these figures, it can inferred that the coefficients
converged after 600 samples or after covering one half of the circle (of
radius 3 m). The value of the circle parameters are 0.0l m, 0.0l m and
2.995 m respectively and is a 1% deviation from the actual values. We can
also infer from the figures that the circle parameters have a meaningful
value after the initial 400 samples, i.e. after one third of the circle is

traversed.

7.5.1.5 Identification of Conic Profile - Elliptic Track Function

An elliptic function with the parameters a and b as 1.5 and 0.75 with
the coordinates of the center as xo=0, and yo=0 is chosen as the reference
input. The convergence of the coefficients a's and b’s of the generic conic
function are shown in Fig. 7.2l. As in the case of circular track, here also

convergence is noticed only after 400 samples.

7.5.1.6 Influence of Sampling Time and Vehicle Speed on Convergence

In section 5.4.2.1, discussions are presented on the factors that affect
the rate of convergence of the coefficients of the track function. In this
section, simulations results are prosented on the effect of two of the
various factors discussed. Figure. 7.22 shows the convergence for the one of
the coefficients (slope,m) of a straight line function for three sampling

intervals. The minimum sampling time considered here is the average sampling
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time of the guidance system of the AGV which is approximately 50 ms. This
value is chosen as the sampling time of the prototype AGV varies from 40 ms
to 60 ms. From Fig. 7.22 it can be summarized that the increase in the
sampling time (at a particular speed) for the identification scheme decreases
the number of samples required for convergence at the expense of increase in
the total time for convergence. The convergence time for sampling times
50 ms, 100 ms and 150 ms, are 7 s, 7.5 s and 8.25 s respectively. Hence it
can be concluded that the increase in the sampling time of the identification
scheme increases the convergence time while providing a reduction in computer

memory required for storage due to less data required for convergence.

Figure. 7.23 shows the effect of vehicle speed on the convergence
presented for a parameter of a straight line track. This illustrates that at
higher vehicle speeds at a particular sampling time, the convergence takes
place faster. This is due to the fact that the data are obtained from a
larger section of the track profile within the same interval compared to slow
speeds. The time taken for convergence at 0.3 m/s, 0.6 m/s and 0.9 m/s are
125 s, 70 s and 45 s respectively. From this it can be concluded that
doubling the speed reduces the convergence time by 407 and tripling the speed
reduces the time by 60%. Hence, a linear relation exists between the vehicle

speed and the convergence time at a particular sampling time.

7.5.2 Experimental Results
7.5.2.1 Calibration of Software Data Acquisition Channels

The scheme to identify the track geometry uses the actual value of the
wheel speeds to evaluate the position and the orientation of the vehicle in

inertial coordinates. This actual wheel speed information can be obtained
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from the LM628 motion controller chip. The following discussions are on the
accuracy with which the actual wheel speed data can be obtained. Subsequently
a method to improve the reading accuracy of the actual wheel speed is

presented.

The actual velocity information from the motion controller is 16 bits
long and this corresponds to a resolution of + 4.2 rpm for the CONCIC-II AGV.
This is the accuracy with which the actual wheel speed data can be obtained
from the LM628 chip. In order to obtain the actual wheel speed with better
accuracy the following scheme is adopted. In this scheme, the position count
(number of pulses counted) information from the LM628 is used. The position
count registers are 32 bits long. Then the cycle time information from the
8254 timer (which is used by the data acquisition system) is used to compute
the velocity. The simple slope method of computing the velocity (derivative
of the position) is employed. This approach is employed since the position
counts and the cycle time information are available every 40 ms and this is

sufficiently small to compute the velocity accurately.

Figures. 7.24a & 7.24b present the desired wheel velocity and the wheel
velocity read from the LM628. It does gives the actual wheel velocity
computed using the scheme described above for the left and right wheels
respectively. The deviation between the actual wheel speed and the desired
speed is * 0.5 rpm. Other information obtained from this figure are, during
speed build up an overshoot of 17 exists, the time taken to reach the desired
acceleration of 0.024 m/s2 is 1.95 seconds and the actual wheel speed does

not remain constant during steady state.
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7.5.2.2 Tests for Ability of the Vehicle to Travel Straight

This test is necessary to establish whether the AGV travels along a
straight line when the two wheels are commanded to run at the same velocity.
This is also to ascertain the correction factor to be added to the actual
wheel speeds using the scheme described above. This correction factor is to
make sure the trajectory of the AGV computed from the actual wheel speeds
using the schemes described in section 5.4.1 is the same as the actual

trajectory followed by the AGV on the floor obtained by actual measurements.

The AGV was positioned on a straight line track in such a manner that at
least the orientation offset is equal to zero. The initial offset distance
of the longitudinal axis of the vehicle from the track was measured to be
0.020 m. The two driving wheels are commanded to run at the same velocity at
a given time. The camera mode is employed for this purpose. In this mode
the gains for the steering control are chosen to be zero (Gl = G2 = G3 = 0).
This is to make sure that the steering angle is 2zero and there are no

additional velocity inputs to the servo loops from the camera feedback loop.

After the AGV had reached a reasonable distance, the vehicle was
commanded to make a normal stop following the predefined deceleration
profile. From measurements it was observed that the vehicle was travelling
straight. The actual profile traced by the geometric center of the AGV was
computed based on the kinematics of the vehicle and the computed value ol the
actual wheel speeds. The results are shown in Fig. 7.25. From this it can
be seen that the computed profile bends to the left. The offset of the final
position from the starting position is 0.07 m. Since the computed path of

the vehicle goes to the left, a compensation (w2 = 1.0018 w,, an empirical
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formula) is provided to the left wheel to increase the magnitude of the
actual wheel speed. This makes the computed path almost a straight line

matching the path on the floor.

7.5.2.3 Construction of Profile of the Track and the Path of the AGV

The profile of the track and the path traced by the geometric center of
the AGV were constructed. This resuit is also presented in section 7.3.3.
In this section, results are complied for various speeds and are presented in
Figs. 7.26a and 7.26b. Though the actual track was straight, due to
computational errors in estimating the position offset (cd). the constructed
profile of the track deviates from the actual profile. The deviation is 0.6%
for a track length of 9 m and can be regarded as negligible. This deviation
is a function of the vehicle speed and is observed to be 0.03 m error for
every 0.16 m/s change in the vehicle speed. This error is due to the
resolution with which the position and the orientation offsets are computed,
errors in computing the actual wheel speeds and errors introduced due to
vibrations in the camera mounting, lighting and flocr conditions. The track
offset value obtained at various speeds were more or less the same with an

overall error of 8% from the actual value.

7.5.2.4 Identifying Coefficients of a Straight Line Profile

This section presents the results of computing the coefficients of a
straight line function using the experimental data while following a straight
line track. It is assumed that initially the track is orientated at an angle
of 0.6 rad in the inertial frame. This is introduced in order to obtain at
least one non-zero coefficient for the track function, i.e. m # O in the

equation y = mx + ¢. The results of computing m and ¢ are provided in
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Figs. 7.27a & 7.27b. The error in computing m is 112 and the coefficient ¢
has an error of 8 mm as against the input value of zero. The coefficients
converged within 200 samples which is equivalent to a distance travel of

2.29 m.

7.5.2.5 Identifying the Coefficients of a Conic Profile ~ Circular Function

The results of track profile identification while following a circular
track profile are presented in Figs. 7.28, 7.29a, 7.29b for a vehicle speed
0.63 m/s. From Fig. 7.28 it can be seen that the computed profile of the
track resembles the actual track on the floor with an error of 5.5% (17 cm
error in 295 ecm). This figure also shows the computed track profile when the
vehicle made more than one full turn. This is to show the effect of
accumulated error. The computed path for the second turn is slightly inside

and the deviation from the first turn is insignificant.

The convergence of the coefficients of the conic profile and the
parameters of the circle are presented in Figs. 7.29a and 7.29b. Convergence
is attained after 600 samples (after tracing one half of the circle of radius
2.95 m). The magnitudes of the parameters of the circle before 500 samples
are very large and hence are not shown in Fig. 7.29b. The radius of the
circle from the identification scheme is 3.2 (SZ error) after 800 samples and
3.12 after 900 samples (5.5% error). Recalling the discussions presented for
the simulations results in section 7.5.1, the convergence performance
observed for the experimental results are the same as those in the simulation
indicating that the effect of noise in the actual data from the experimental
AGV are not appreciable and does not degrade the performance of the

identification scheme.
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The desired values of the parameters €, and €, are computed using the

e
results of identification of the track geometry presented above are
illustrated in Figs. 7.30a & 7.30b. The control scheme should check the

actual value of these parameters with these desired values and provide

corrective action accordingly. The magnitude of the desired values are
g, = 0.055 m and €y = 0.22 rad to ensure that the front and rear casters on
the track.

7.5.2.6 Identifying the Coefficients of a Conic Profile - Elliptic Function
As in the case of circular track, experiments are carried out with an
elliptic track whose major and minor axes are 3.40 m and 2.76 m respectively.
The comptued profile of the track at a vehicle speed of 0.63 m/s is shown in
Fig. 7.31. The errors in the estimated values of the major and minor axis

are 4.47 and 3.37% respectively.

Figure 7.32 illustrates the convergence of the coefficients of the conic
profile. The convergence is achieved after 800 samples which is higher than
the number of samples required for convergence in the case of simulation
results presented in section 7.5.1.5. The desired values of the parameters
€ and ¢ are comprised of peaks and valleys and are shown in

d e
Figs 7.33a & 7.33b.

7.6 Summary

Simulation studies and experimentations are carried out to study the
effectiveness of the guidance schemes presented in Chapter S. The results
are classified under four major sections. The components of the overall

position control loop are calibrated and are presented in the first section.
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The objective of component calibration is to establish the operating
characteristics of the components for control purposes. From the results it
can be concluded that the components with the exception of servo amplifiers
exhibit complete linearity. The servo amplifiers exhibit nonlinearity at

very low motor speeds.

The second set of results are presented for vehicle guidance using a
single camera at the front end of the vehicle. An acceleration value of
0.024 m/s2 for straight lines and 0.005 m/s2 for tracks with curvature are
arriveC experimentally as the recommended settings. Experiments are carried
out to select a controller for the guidance system. From the results it is
established that a Pl controller with the gains P=2.5 and [=0.07 provides a
satisfactory iesponse for straight line tracks. For tracks with curvature,
P=1.0 and 1=0.07 is the recommended setting. Resuits of track following with
the same initial condition at various vehicle speeds are provided. These
results illustrate that a satisfactory tracking performance results even at a
higher speed of 0.785 m/s. Effect of payload on tracking performance
indicates that the transient overshoots are much smaller (337%) in magnitude

with load and no change in the steady state performance.

Tests are conducted to study the effect of changing the initial errors
of the vehicle on tracking at a constant cpeed of 0.471 m/s. This is the
speed at which most of the industrial AGVs are operated. The results show
that the vehicle recovers from the initial error quickly even at an initial
orientation offset of 40 degrees and a position offset of -0.08 m. Dynamic
response of the AGV for sudden change in the track location is studied at

various speeds. The difference between the actual displacement in the track
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location and that measured by the image analysis is S mm for a displacement
of 65 mm. The vehicle recovers from this disturbance in 3 seconds and

attains a steady state tracking error of 5 mm.

Performance tests are conducted while following circular and elliptic
tracks. It is not possible to obtain transient response of the velicle due
to the constant acceleration of the LM628 motion controller chips. As a
result of this, extensive performance studies are not carried out. Tracking
performance with and without a payload on circular tracks are more or less
the same. Dynamic response for a sudden increase in the radius of the
circular track illustrates that the performance is satisfactery not only for

straight line tracks but also for tracks with curvature.

The third set of results are on simulations to study the effectiveness
of the dual camera guidance over the single camera guidance. Considerable
improvement in terms of reduction in time taken (407%) to reduce the tracking
errors (position and orientation offsets) at the front and rear ends are
observed.  Guidance control using dual camera also showed less oscillations

while tracking circular tracks.

The fourth set of resuits are the simulation studies to identify the
geometry of the track. Guidance control simulations and experiments are not
carried out and hence are not provided. To verify the correctness of the
equations the simulations are carried out. Thereafter, calculations are
carried out with the actual data from the experimental AGV. The process of
computing the vehicle position from the wheel speeds indicates that the

simple trapezoidal rule is the proper choice for integration. Simulations on
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the convergence of coefficients of the polynomial function using polynomial
profile equations show that convergence is achieved after a travel of 3 m on
the polynomial track. Tests are carried out to identify the track profile
equations (polynomial or straight line) to compute the coefficients of a
straight line track function. Tests on the suitability of polynomial and
straight line forms to describe a straight line function show that the time
taken by the polynomial form to converge is twice that of the straight line
form. However, the initial values of the coefficients are very large in the

straight line case.

A known circular track (radius = 3.0 m) is used as an input to the conic
profile equation described in Chapter S. For this track, convergence of
coefficients of a conic profile equation and the parameters of the circle are
obtained. Convergence is observed after the vehicle travels one half of the
circle. Similar tests are carried out with an elliptic track function input.
Convergence of coefficients is noticed after travelling along one half of the

ellipse.

Tests are conducted to study the effect of sampling time and the vehicle
speed on the speed of convergence of the coefficients of the track profiles.
The results show that lower the sampling time or higher the sampling rate,
faster is the convergence in terms of distance travelled. The effect of
speed shows faster convergence at a higher velocity in terms of number of
samples required. Convergence of coefficients are tested with the actual
data from the experimental vehicle while following a variety of track
profiles and are observed to be the same as the simulations. The identified

track profiles exhibit a maximum error of 10%.
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CHAPTER 8

CONCLUSIONS

8.1 Introduction

This thesis deals with a guidance control scheme based on binary camera
vision and control schemes to achieve accurate track following of AGVs. In
order to achieve the above mentioned objective, research and development

activities are carried out in the following aspects :

® Deveiopment of a methodology and a criterion to select the suitable
combination of driving and steered wheels (without redundant) and
also the wheelbase configuration for kinematic control. Suitability
here means non-redundant path controllability.

e Guidance system based on binary camera vision and a fast image
processing techinque that identifies the track and a set of road
signs.

e Guidance control to follow the track accurately wusing schemes
employing single camera, dual camera and identification of track
geometry and guidance.

e Design and development of a prototype AGV.

Section 8.2 presents the summary of the methodology and the results for
non-redundant path controllability. A summary of the binary camera vision and
the results are detailed in section 8.4. Section 8.5 has three sub-sections
to summarize the methodology and the results of guidance control. The
features of the prototype AGV are summarized in section 8.6. Applications of

the guidance control schemes, the camera vision scheme and the prototype AGV




are discussed in section 8.7. The last section (section 8.8) of this chapter
presents an abridged version of the summary presented in sections 8.1 to 8.6

and highlights the contributions of this thesis.

8.2 Path Controllability and Kinematic Modeling of AGVs

Existence of kinematic singularity is used as the basis for the
selection of a suitable combination of driving and steering wheels (without
redundancy) and wheelbase configuration for the kinematic control of the
vehicle. This suitability is termed as path controllability in this thesis.
At the singular points there is loss of degrees of freedom and it will not be
possible to compute a unique solution for the wheel speeds or steering angles
or steering rates for given linear and angular velocities of the AGV. For
this purpose a kinematic modeling scheme for AGVs is presented. Modeling is
accomplished using the transformation scheme described by Muir and
Newman [10}. A generic configuration with a diamond shaped wheelbase
configuration with a wheel that is driving and steered at the front and rear
is considered. The steering axis has an inclination in the fore and aft
direction and an offset with respect to the contact point of the wheel. From
the generic form of the equations, a criterion for path controllability, i.e.
ability of the kinematic mode: to provide a unique solution for the wheel
speeds, steering _ angles and steering rates for a given position and
orientation of the vehicle. The kinematic modeling approach presented in
this thesis is sufficiently general to apply for any other wheel
configuration. The following conclusions are arrived at from the
non-redundant path controllability criterion

® Vehicles with differential drive with no steered wheels offer path

controllability for all values of the linear and angular velocities
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of the AGV, i.e. kinematic singularity is not present.

® Vehicles with inclined steering column and with an offset distance
are path controllable at all values of the steering angle.

e Vehicles with an inclined steering column and with zero offset are
path controllable, except when the steering angle is (2n+!)n/2.

® Vehicles with a vertical steering column and a non-zero offset are
path controllable, except when the steering angle is (2n+l)n/4.

e Vehicles with a vertical steering column without offset are not path

controllable.

The analysis presented further illustrates that other parameters need to
be taken into account in choosing a particular wheel configuration. For
example, when the steering column is inclined at an angle, extra degrees of
motion are introduced; motion in the vertical direction and roll of the
‘steered wheel. In the case of non-zero offset, one has to drag the steered

wheel to the side during steering, implying a larger steering torque.

The preferred arrangement for kinematic control is the differertially
driven AGV with no steered wheels. In this case in addition to the absence
of kinematic singularity, the expressions are simpler. Moreover, the
geometry of the vehicle is also simplified with the absence of a steering
mechanism. The other advantages are (1) the vehicle can spin about the
geometric center at a minimum radius which is equal to one half of the wheel

span and (2) the vehicle can travel in the forward and reverse direction.
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8.3 Guidance System Based on Binary Camera Vision

Binary camera vision employing a simple camera with optic ram chips and
a black line (painted or taped) that describes the track to be followed is
considered. A fast image processing scheme is described to identify the
track and guide the AGV as well as to recognize a set of primitives. Hence
the image processing scheme recognizes road signs to take appropriate actions
at road junctions. The time taken to acquire 1 K byte of image data is
18.9 ms and for analysis a duration of 9.0 ms is required. Since the image
is acquired and processed rapidly, the track is followed by the vehicle very
accurately even at high speeds (0.8 m/s), even if the track has variable
curvatures. It is believed that the employment of binary digitizing camera

for guidance is a preferred choice for the following reasons :

e The track can be modified easily and hence the flexibility in
installation and maintenance;

e Camera vision provides a controllable width of view of the track to
be followed. This provides position and orientation of the vehicle
relative to the track. Further, it has the ability to recognize road
signs;

e Simple image processing scheme is employed since the image received
for analysis is two dimensional and does not contain any complex
information.

e Camera employed is simple in construction and inexpensive.

From the experiments performed to ascertain the number of rows of image
required for image analysis it was established that analyzing only three rows

(4"‘. 30" and 56!™ rows) out of the possible 64 rows of image data resuits
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in a error of 3 mm while evaluating the position offsets. Increasing the
number of rows of image considered for analysis showed marginal improvement

at the cost of computing time.

8.4 Guidance Control to Follow the Track Accurately
8.4.1 Guidance Scheme Using Single Camera

The steering command is computed based on the instantaneous position and
orientation of the vehicle relative to the track. This information is
obtained from the image analysis performed on the image from a camera located
at the front end of the vehicle. Experiments on the effect of controllers (P
and PI) and their gains indicate that a PI controller with P=2.5 and 1=0.07
provides satisfactory performance on straight line tracks. For tracks with
curvatures a gain setting of P=1.,0 and 1=0.07 is recommended. It has been
noticed that due to the presence of constant acceleration of the LM628 motion
controller chip, there is a ‘speed’ until which the feedback from the camera
will not have any effect on the overall positional control of the vehicle.
This ‘speed’ is a function of the command speed of the wheels. The time
taken to reach this ‘speed’ depends on the acceleration of the vehicle.
Hence in all the experiments, a monotonic increase in the position offset of
the vehicle is noticed during the transient stage. It has been noticed that
this monotonic increase in the position error has not exceeded .10 m, the
limits of the camera window dimensions. Even at a vehicle speed of 0.79 m/s
the guidance system recovered from this error in 3 seconds and a steady state
error of 0.005 m is attained thereafter. The guidance scheme exhibited less
overshoots and oscillations with a payload of 250 Ib compared to a situation
with no payload indicating that the controllers are tuned well for the

vehicle to carry loads. Tests on the effect of initial condition on the
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tracking ability of the guidance scheme on straight lines show that a
satisfactory performance results even at the maximum possible position and
orientation offsets of 0.08 m and 40 degrees respectively at the maximum

speed of 0.785 m/s.

From the results on vehicle stopping distances at various speeds on
straight line tracks, it can be concluded that a minimum stopping distance of
S mm is achieved at a linear velocity of 0.16 m/s and is the recommended
operating speed for parking purposes. Experiments on dynamic response of the
guidance control scheme show that for an offset of 65 mm in the track
location (one quarter of width of image window) recovery is achieved within
3 seconds even at a speed of 0.785 m/s. Results on circular and elliptic
track profiles show satisfactory steady state performances. Tests on the
ability of the image processing scheme to identify road signs indicate that

the algorithm developed for this purpose function well.

8.4.2 Guidance Scheme Using Dual Cameras

An approach for accurate track following of a small section at the front
and a small section at the rear end of the vehicle is presented here. On the
contrary, only the small section at the front end of the vehicle follows the
track accurately when the single camera approach js used. Using dual cameras
results in faster minimization of tracking errors with minimum overshoots and
oscillations. In this approach, a camera is employed at the rear end of the
vehicle in addition to the camera at the front end. Vehicle guidance is
achieved using the instantaneous position and orientation offsets obtained
from the image analysis perfermed on the track image obtained from both

sensors. From the sign of the orientation offsets obtained, it is possible
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to decide whether the track has a curvaturc or not. If the sign of the
orientation cffsets obtained from the front and rear camera are the same, the
track is a straight line, otherwise is curved. Objective functions are
defined based on the track curvature. In the case of straight line tracks,
the objective of the control scheme is to reduce the position and the
orientation offsets to zero. On curved tracks with constant curvature such
as a circular track, the position and the orientation offsets at the front
and rear ends should be equal in magnitude and non-zero, and the position
offsets may or may not be equal to zero depending on which part of the AGV
needs to be following the track. The controller gains are changed in
real-time depending on the position of the front and rear ends of the vehicle

relative to the track and the existence of track curvature.

Simulations and experimentations are carried out on straight line and
circular tracks. From the results it is established that the dual camera
guidance achieves faster reduction (40% less time) in the tracking errors
(position and orientation offsets) of the rear end compared to the single
camera guidance. Moreover, there are less number of oscillations in the

transient response.

8.4.3 Guidance Scheme using Track Geometry Identification

This is a feed forward control scheme unlike the single and dual camera
schemes which are feedback systems. The feed forward scheme is an
intelligent method as the vehicle guidance is based on the identified
geometry of the track. Guidance is performed using the extrapolated track
ahead of the vehicle and the instantanoues data that are available. The

knowledge of the geometry of the track provides the desired values of
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position and orientation offsets for a particular driving criterion to
achieve accurate tracking. The driving criterion defines which part(s) of
the AGV needs to be following the track accurately. The driving criterion
chosen for analysis is that the contact points/patches of the front and rear
casters be on the track. Two schemes are proposed to identify the geometry
of the track, one is using a generic conic function and the other is a second

order polynomial function.

From the results obtained using a large number of simulations and
experimental data, it has been established that the track gcometry is
identified in a reasonable time. In the case of circular tracks, an error of
6% is noticed (radius = 3.0 m) in the computed radius using the kinematic
equations and estimated using the identification scheme. In the case of an
elliptic track, the computed values of the length of the major and minor axis
have an error 57 and 10% respectively. These results are obtained using
experimental data. Only simulations are performed for the polynomial
functions. Convergence of the coefficients for all geometric profiles
considered is achieved within a travel of 3 m along the periphery of the

profile,

Performance data wusing the guidance scheme are not available for
comparison as experiments are not carried out using this scheme. This is
because the computational overheads increases the cycle time from 41 ms to
200 ms. Hence proper identification of the track geometry is not feasible.
To maintain the cycle time less than 60 ms (required for proper
identification of the track geometry), it is necessary to perform the

computations of the identification scheme in a separate processor, i.e,
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parallel processing. In Chapter 9, an approach to achieve this parallel

computation is presented.

8.5 Vehicle Design and Development

The present design facilitates a versatile research vehicle with a
modifiable wheelbase configuration with which performance studies of various
wheelbase configurations can be carried out. Since most of the components
employed are off-the-shelf components, easier system upgrading with the
technological advancement is feasible. Employment of low cost camera vision
technique coupled with an efficient image processing technique obviates the
necessity to employ a complicated and sophisticated guidance system for
vehicle guidance. Special purpose motion controller chips LM628 for motion
control simplify the controller design and also offer concurrent control of
multiple motors as these chips can function without using the host computer
bus for motor control. Provision of on-line data acquisition system is
provided to record the operating parameters of the vehicle in real-time in
order to validate the theoretical findings. The system also features a dual
camera guidance scheme with a camera at the front and rear with variable
controller gains. A scheme to identify the geometry of the track has been
implemented. A complete investigation on the safety features required for
the AGV has been carried out and has been implemented. The operating
software is modular in form in order to facilitate addition of new features
for future development and is written using the Borland Turbo-C. The
software also supports communication with an external supervisory computer.
The vehicles uses ultrasonic sensors for obstacle detection. The operating

parameters of the vehicle can be modified in real-time.
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L et n e A

In camera vision mode an imaging rate of 20 to 25 frames/s is obtained
depending on the features of the AGV that are in use. As a result of this
very high frame rate a stable performance is achieved even at higher
velocities (> 0.5 m/s) and with tracks having smaller radii of curvature.
The vehicle has a payload of 600 lb in addition to its dead weight of 275 lb.
Experiments on trackability of the vehicle with payloads indicate
satisfactory performance. As far as the maximum speed is concerned, a
maximum speed of 0.93 m/s on a circular track of 1.7 m radius is achieved.
On straijght line tracks a step input command of 1.03 m/s was feasible. The
theoretical maximum speed that the vehicle can attain is 1.2 m/s which is the

maximum speed provided by the driving wheels.

Experiments are performed on various components in the control loops
indicate that there exists a linear relation between the input and the output
of these components. The results frcm the DAC-08 show that the wheels/motors
attain the maximum speed when 6 bits of the available 8 bits are used. The
servo amplifier exhibits non-linearity and the relation between the control
signal voltage and the motor terminal voltage is a power series. From the
experiments on the effect of vehicle acceleration on the ability to follow
the track accurately, it has been established that suitable values for the
wheel acceleration for straight line tracks and for tracks with curvatures

are 0.024 m/s and 0.005 m/s respectively.

8.6 Applications
Of the three control schemes described, the single camera scheme Iis
preferred for applications that do not require accurate tracking of the rear

end of the vehicle, namely, moving from one work station to the othrr,
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The guidance control scheme wusing dual cameras is suitable for
applications requiring accurate track following and faster alignment of the
front and rear ends of the vehicle with the track, such as, parking the
vehicle beside a work station or for operating the vehicle in narrow spaces

with track profiles of varying curvature or geometry.

The intelligent guidance control scheme (track geometry identif ication
and guidance) is suitable for applications where the requirement is to
accurately follow a track whose curvature changes slowly, i.e. the changes in

coefficients take place change gradually.

The binary camera vision technique is suitable for applications where
the environment provides contrast between the track and the floor. The
prototype AGV is useful for experimental research to study the effectiveness
of various wheelbase configurations consisting of combinations of driving and
steered wheels. It also allows testing of a variety of control schemes and

other guidance schemes using CCD cameras and ultrasonic sensors.

8.7 Summary

The contributions of this thesis can be grouped as major and minor in
nature. Major contributions are, {1) methodology to select the suitable
combination of driving and steered wheels (without redundancy) and also the
wheelbase configuration for kinematic control, (2) a supe ior method for
guidance control based on dual cameras (front and rear) to achieve faster
reduction in tracking errors of a large segement of the vehicle consisting of
two small sections one at the front and the other at the rear and (3) an

approach for intelligent guidance control that could provide accuracy in
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track following as it is based on the identified geometry of the track and
not simply on the instantaneous position and orientation of the AGV relative
to the track. Minor contributions are (1) binary camera vision for guidance
and a fast image processing scheme that identifies the track as well as road
signs and (2) design and development of a prototype vehicle that is modular

in structure (mechanical, control components and software).

It can be concluded that the differential drive arrangement does not
exhibit kinematic singularity and is the preferred configuration. From the
experimental results it can be inferred that the single camera guidance
performs well as the transient overshoots are less than the image window
dimension (0.1 m) even at a linear speed of 0.79 m/s and the steady state
errors are less than 5% of the image window. This is within the accuracy
value set by the industries for automation using AGVs, Tests on dynamic
response of the camera guidance indicate that the vehicle recovers from a
sudden change in the track location in 3 seconds. The guidance scheme
performed well with a payload of 250 lb. From the simulation results it can
be concluded that the dual camera guidance minimizes the tracking error of
the rear end in a time that is 407 less than in single camera guidance. It
also exhibits less oscillations and the overshoots are minimum. Results from
the intelligent guidance control scheme illustrates that the scheme can
identify the geometry (within 10% error) of the track within 3 m travel along
the periphery of the track. It also provides the desired value of the
position and the orientation offset for control purposes. Though the results
for the guidance control part are not provided (neither simulated nor
experimented), it is believed that the control scheme will provide excellent

tracking performance as the geometry identified is within 107 error.
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CHAPTER 9

RECOMMENDATIONS FOR FUTURE WORK

9.1 Image Processing

There are two areas in which work need to be carried out in order to
enhance image processing and analysis. The first one is incremental image
processing and the second is the method of computing the orientation offset.
The image analysis scheme described in Chapter 4 considers every frame of
image data received as a new data and analyzes the image from lef't to right
(every column in a row cf image data). Since a priori information on the
column location of the track image is not available, it is not be possible to

analyze a small column window to extract the necessary parameters.

Since the track image appears as a straight line in the image window and
the imaging rate is in the order of 16 to 25 frames a second, the cumulative
track profile obtained by assembling two consecutive frames can be considered
to be a straijght line. With this assumption, and knowing the wheel speeds,
the location of the track in the next frame can be estimated. Knowing the
approximate location of the track in the image data received, a small image
window can bpe defined for analysis. Nevertheless, this kind of selective

analysis is valid only if the track is continuous.

Secondly, it has been established experimentally that the approach
employed to evaluate the orientation offset from the image data obtained does
not provide consistent results, particularly when the orientation offset is
less than 20 degrees. In some cases the sign of the error is wrong as well.

One reason attributed to this is the fact that the window dimensions are so



small that variation of a few pixels in one or many rows of the track image
results in a large error in the computed orientation. As a result of this,
the orientation offset is not considered by the control loop, in the
experiments carried out. The method of computing the orientation needs to be

modified in order to compute the orientation offset accurately.

9.2  Wheel Level Contro! Scheme

The control loop used in this thesis is based on a scheme where each
wheel is provided with an independent control loop with no interaction
between them. Stated in another way, feedback errors from one wheel do not
affect the other. Since the vehicle is driven by more than one driving
wheel, errors in one of the wheels affect the trajectory or the path traced
by the vehicle. Sources of errors in guidance control fall under two major

groups and are

1) Environmental Factors.

II) System Errors.

. Environmental Factors

a) Variations in the floor roughness factor (coefficient of friction)

resulting in non-equal wheel speeds for the right and left wheels.

b) Load distribution between wheels being unequal.

¢) Variations in the floor gradient levels (ups and downs).

These errors can be modelled as a time varying external disturbance in the

control loop.
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1. System Errors

a) Errors resulting from the system gains for the control loops for each

wheel (loop gain, amplifier gains, and encoder resolutions).
b) Encoder tracking errors.
c) Wheel Alignment errors.
d) Wheel slippage.
e) Wheel diameter variations.

f) Servo-lag

These errors cannct be quantified directly in the control loop for
simulation and implementation. The errors in the system gains involving the
loops for the wheels can be compensated by using a cross coupled control
scheme described below. In this scheme, the error from one wheel is fed to
the other and vice versa. The encoder tracking error also gets corrected
using this scheme. The wheel alignment error cannot be compensated directly.
This can be measured experimentally, and a correction factor can be included
in the control loop. Wheel slippage can be sensed only by providing a sensor
on the driven wheels. Wheel diameter variation can also be estimated
experimentally, and a correction factor need to be inciuded in the control
loop. The servo-lag is centributed by the motor time constant. As a result
of this, the total time taken by the AGV to travel a given section of the

track is more than the desired value.
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In summary, two control loops are proposed to account for the effect of
errors. They are the cross coupled control loop, and the cartesian control
loop. The cross coupled control loop is to provide better handling
characteristics to minimize the effest of disturbances on the path traced by
the AGV. The cartesian control loop is to compensates for the servo-lag
which also results due to the presence of the coupled control loop. The
coupled control loop is used widely for numerical control machines and is

proposed for AGV control by Borenstein and Koren (8l

9.2.1 Cross Coupled Control! Loop

Figure. 9.1 shows the schematic layout of the cross couplen] control loop
to minimize the effect of disturbances. It can be seen from the layout of
the control loop that there is an additional error input to tbe servo loop of
each motor. The error from wheel-2 is fed to the wheel-1 loop, and vice
versa. This additiona’ feedback minimizes the tracking error and this alters
the linear velocity of the vehicle and hence the vehicle will be lagging in

cartesian coordinates.

9,2.2 Cartesian Control Loop

It was established in the previous section that the coupled control InZp
contributes additional lag in addition to the servo-lag. A direct
consequence of servo-lag is that the vehicle will be trailing behind a
fictitious reference point that has virtual motion along the reference track.
This point depicts the location at which the AGV is expected to be at a given
instant. In order to compensate for the lags, an additional fzedback loop is
introduced as shown in Fig. 9.2. This feedback loop computes the wheel

speeds based on the absolute position error of the AGV. The actual location
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(position and orientation) of the AGV is computed using the actual wheel

speeds, and is compared with the desired location.

9.3 Modified Control Equations for Tracking

The control equations presented in (5.4) and (5.8) are independent of
the vehicle speed and hence will not provide faster corrective action at
higher speeds which is necessary. To provide a variable corrective action as

a function of speed, the following approach is proposed.

Considering the equation for the proportional only controller presented
in equation (5.4), differentiation of this equation with respect to time
results in an expression for the rate of change of steering angle as

Aes = G] Aed + G2 Ae9 (9.1)
From Fig. 5.10, it can be seen that the parameter As.:d is a function of the
vehicle speed (V), desired orientation offset (ced) and the current
orientation offset (cea). The parameter Aée is equal to the incremental

value of the rate of change of angular position of the AGV, which is Aél_.

Referring to Fig. 5.10, Aéd is given by

Aéd =V {sirlx €. cosle } (9.2)
6d Oa

The angular velocity Aér about the reference frame ‘R’ produces a
velocity vx at the pivot axis of the caster along the x-direction. The

magnitude of v, is
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v = m’ar (L, - s) (9.3)

Where L. is the wheelbase distance between the contact points of the driving
wheels (wheelbase) and the casters, while the steering angle 9' is equal to
zero, i.e. the casters are straight and are aligned with the longitudinal
axis of the vehicle, An equal and opposite force will be sensed at the
contact point of the caster. This force and v, constitutes a couple (s Aé').

Hence the term Aé. is also computed from

. b8 (La - s)
A8 = 1 (9.4)
L S

Equating (9.1) and (9.4) and substituting equation (9.3), and replacing A::6

by Aé, the following result is obtained.

86 (La - s) : : .
- = Vg { _ - }+G AQ
S 1 sin € cOosS € 2 r
6d Oa
ie. 86 {L" =6 } = VG { 1 Sp— } (9.5)
r S 2 1 sin € C0OS €
Od Ba

But from the inverse kinematic analysis presented in section 3.4, the value

of Aér in terms of incremental angular velocity of the wheels is given by
. r
J\:] { Aw - A } (9.6)
x1 x2

r L+L,

Substituting (9.6} in (9.5), and rearranging the terms
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(L +L)VG
(Aw - Aw ) = ! 2 ! .1 - 1 } (9.7)
x1 x2 La - s sin £ cos €5,
r [————s + Gz]

The effect of steering does not change the linear velocity of the AGV and
affects only the angular velocity and hence the following relation is

obtained
L1 Awxl + l..2 waz = 0 (9.8)

Solving equations (9.7) and (9.8) simultaneously, the expressions to compute
the change in the wheel angular velocity of the wheels required are obtained

and are presented below.

Gx Lz v 1 1
bo, = { sin €.  cos € } (9.9)
v [La -~ S, ] 0d Oa
s 2
G L V
buw 1 — { sixll £ - EEAC__ } (9.10)
x La~- s 6d Oa
r = + G2

Implementation of this scheme has not been carried out due to problems

in obtaining a good estimate of the orientation offset (eel.
9.4  Alternate Approach to Identifying Track Geometry
In this scheme, the coordinates of the reference point P is computed

based on the velocity transformations of P. A reference frame is chosen at P
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and is p. An instantaneously coincident reference frame is chosen at p. The

coordinate frames are shown in Fig. 5.4.

A transformation graph describing the kinematic relationship between the
reference frame ‘R’ and the frame ‘P’ is shown in Fig. 5.4. Referring to
Fig. 5.4, the transformation for the frame ‘¢’ from the instantaneous frame

‘P’ is
- -1 —-—
Py _ [FT_] Fr. Ry Rp Ig (9.11)

Differentiating equation (9.11) with respect to time, the velocity

. Ps . .
transformation P is obtained as below :

- -1 -
P = [FT~] Fr. ® Rt It (9.12)

Here the term FTi can be expressed as a function of other transformation

terms as below.

- -1 -1 - -1
F _ F P 1 R
T, = T; "o, [ TP] [ 'rl] [RTIR] (9.13)

It should be noted here that the transformations such as P¢pp and RIIR are
unity transformations, Substituting equation (9.13) in (9.12) and after
simplifications, the following result is obtained for the reference point

velocity transformation,
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-— _1 ...1 -
Pd = [‘TP] [RTI] R R It (9.14)

From this velocity transformation, the position transformation can be

obtained using the schemes described in Chapter 5.

9.5 Methodology to Identify Point of Inflexion

The scheme to identify the geometry of the track described in Chapter S
cannot distinguish whether the track is composed of more than one geometric
profile or not. One way of achieving this is to identify the point of
inflexion of two geometric profiles. The point of inflexion is identified
based on the concavity of the track profile at a given instant. Figure. 9.3
illustrates two possible concavity situations for a function ‘f’. The graph

of ‘f' at x = X, tox = X, is said to be
i} Concave Upwards if the first derivative of ‘f’ (f’) is increasing on
the interval (xl. xz).

ii) Concave Downwards if the first derivative of ‘f’ (f’) is decreasing

on the interval (x‘. xz).

To evaluate the concavity at a particular point (x = a, y = b) i.e., at the
contact point of the caster, the second derivative of f is considered and the

following conditions are tested for the nature of concavity.

i) if f”(x, y) > O (+ve) at (a, b), then it is concave upwards.

ii) if f"(x, y) < 0 (-ve) at (a, b), then it is concave downwards.
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The second derivative conditions presented is also useful to determine
the point of inflexion wherein the concavity changes from upward to downward
or vice versa. The point of inflexion is normally located at the value of x
and y for which f“(x, y) becomes zero. This information is useful for the
track identification technique to construct track profiles with varying
concavity. However, this condition is not the sufficient condition to
identify the point of inflexion as there are functions for which the second
derivative becomes zero at points which are local minima and not the point of

inflexion.

9.6 Dual Camera Guidance Based On a Reference Point

The dual camera guidance scheme described in Chapter 5 uses the front
end of the AGV as a reference point to switch from high gain to low gain
controllers. Though this approach provides excellent performance, it is
preferable to study the effect of choosing some other reference point along
the longitudinal axis. This study will provide information on the optimum
location of the reference point that will result in faster error correction.
In order to perform this control scheme, it is necessary to compute the
distance y, of the reference point ¢ and is shown in Figs. 9.4. The
reference point has been chosen to be at a distance Ll from the front camera
and is at a distance L2 from the rear camera. The distance y, is the
distance obtained by drawing a line 2t ¢ and perpendicular to the
longitudinal axis of the vehicle to the track. This line is parallel to the
lines drawn to establish the paramecers ¢ o and €, A line is drawn
perpendicular to the longitudinal axis at the reference point to the track.

From the geometry o1 the vehicle, an expression to compute the distance y, is
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Rear Camera

c Front Camera
Yo kv Tes- €or
I TP
Track
Conditions :  eg=€5;  |ea|Slea|  sgn(eg) = - sgn(eq)

Conditions :  €,= ¢, lea| Sleal  sgn(eay = - sgn(eq)

Fig. 8.4 Definition of Parameters of Steering Control Using a
Reference Point for Straight Line Tracks
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established as

| e +¢

I
dqf dar .
y, = L) L, + min {ledfl. l-cdrl} sgn (e, ) (9.15)

This equation is valid if and only if the parameters €, and €, have the
same sign. This indicates that the AGV is on one side of the track and is

shown in Fig. 9.4.

If the signs are opposite, the front and rear ends of the track must be
on either side of the ‘rack. The reference point ¢ may or may not be on the
same side as the front end. Figure. 9.4 presents this situation. The

distance Y, is computed from

| €+ ¢

|
- df dr _
Ye T (Ll + 1;) L sgn(e") €ar (5.16)

Control laws can be defined based on the signs and magnitudes of €0 4 and

b 0
9.7 Optimization of Controller Gains for Dual Camera

The value of the controller gains for the dual camera scheme are
obtained by trial and error. A technique to search for the best values for

the controller gains can be developed to provide the best performance.
9.8 Implementation of Scheme to Identify the Track Geometry

The control scheme based on the identified geometry of the track profile

has not been implemented. It has been mentioned in section 8.6 that to
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perform these computations using 80286-12 it requires 150 ms per calculation.
This reduces the frame rate from 25 to 5. These computations can be carried
out using a parallel processing hardware in PC environment such as an INMOS
transputer T-800 and Parallel-C [93, 94]. Though the calculations are
carried out in parallel using this hardware, one need to take into account of
the time taken for data transfer from the host computer (80286) to the T-800
and vice versa. Currently it requires to transfer one floating point value
9.6 ms, and for the present calculations, it is necessary to transfer 6
floating point values from PC to T-800 and two floating points from T-800 to
PC. The total time taken for this operation is 96.8 ms. Hence the use of a
transputer will result in a 337% reduction in processing time. To achieve the
cycle time of 60 ms (maximum time per frame of image taken by the prototype
AGV in camera mode with all the options in use), it is necessary to device a
scheme to speedup the data transfer rate between the PC and the transputer.
One approach is to use the DMA (direct memory access) mechanism with OCCAM
and Parallel-C [95]. Preliminary results of this work indicated data
transfer time of 0.05 ms per byte and this corresponds to a time of 0.4 ms

for an 8-bit floating point value. This work is still in progress.
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APPENDIX - A

MATHEMATICAL FORMULATIONS AND DISCUSSIONS

A.1 Procedure to Compute Inverse Transformations
Since the transformations are homogeneous, the inverse transformations
can be computed using the scheme described by Paul [23], and is presented

below.

(nx ox ax px
n o a P
‘-rB = y y y y (A.1.1)
_l_’lz oz az pz
i 0 0 1|

1

n ny n, ~(p.n)
- -1 0 0 o -~(p.o)
[ “TB ] = X y (A.1.2)
a ay a, ~(p.a)
0 0o o 1]

Reference Frame and Contact Point Transformations
It should be noted that the orientation of the frame R relative to R is
given by the angles A, € and ér about the X, Y and Z axes respectively. The

position transformation for R¢R is given by

® = Rot(6, €, A) = Translr, r, r ) Rot(Z, 8 ) Rot(Y’, €) Rot(X’’, A)
R r x y z r



Cor Ce CorSeSa ~ S CoSeCa * SoSa Ty |
Ser SC Sersesk * Cerch Sersech - COrSl ry
(A.1.3)
-S, €S, c, C, r.
0 0 0 1
| J

Where Ty ry and r, are equal to zero since the two coordinate frames are

located at the same origin.

The position transformation Ctbc for the contact point is given by a

rotational transformation as below.

-
Ce SG 0 cx
- S C 0 c
‘o = 6 ® y (A.1.4)
0 0] 1 c
z
| O 0 0 I

As in the previous case here also Co Cy and c, are equal to zero.

Differentiating the position transformation of equation (A.1.3) with respect

to time and applying the initial condition er = ¢ = A = 0, results in the

velocity transformation RtbR

0 -0 - v
r rx
=, é 0 -5\ v
" = o v (A.1.5)
€ A 0 v
re
| O 0 0 0 |
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The velocity transformation for the contact point transformation é s
obtained by differentiating the position transformation of equation (A.1.4).

Substituting ec = 0 results in

[ 0 -8 0 v
c cxX
z ] 0 0 v
= c v (A.1.6)
c 0 0 0 v
cZ
| o 0 0 0 |

A.2 Effect of Castor Angle

The steering columns of some vehicles are inclined in the fore and aft
direction. This angle is referred to as the castor angle in the literature.
This agnle is given to provide directional stability for the steered wheel if
in case of any external distrurbances while the castor is in motion. This
external disturbance may be due to wheel steering or side forces due to
uneven road conditions. Under these situations, it is necessary that the
wheel plabe be maintained to be parallel to the direction of motion. The
castor angle is termed as leading or trailing one depending upon whether the
angle is positive or negative. This choice (positive or negative) is based
on whether the front wheel or the rear wheel is powered or driving. The
CONCIC-II AGV considered in this thesis is of this type. In the case of rear
wheel driven vehicles, the castor angle is negative, i.e. the point of
intersection of the pivot axis of the castor with the ground lies ahead of
the contact point of the castor. This gives negative trail. On the
otherhand, if the front wheel is both driving :.id steered, the castor angle

is positive, and the trail is positive. In this case the point of
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intersection of the pivot axis trails the wheel contact point.

Figure. A.la shows the situation when the rear wheel is driving and the
front wheel is either a steering wheel or a caster, with an offset between
the point of contact and the pivot axis. In this figure, b is the contact
point/patch center and a is the steering axis/pivot axis intersection point.
The motion along the ground is indicated by the velocity vector V whereas the
reaction force opposing the motion is represented by R. Figure. A.lb
illustrates the free body diagram of the system under no disturbances.
Figure. A.lc is for the case when the wheel is disturbed and the wheel makes
an angle 8 with respect to the direction of travel. At this time, the
intersection point remains at the same location a, whereas the contact moves
and is shown by b. The reaction force R acts through the new contact point
b, but still parallel to the direction of travel. Since the points a and b
are separated by a distance x, the force R creates a moment (M) in the
clockwise direction. The magnitude of this couple is given by Rx. This
moment brings back the wheel to be parallel to the direction of travel.
Hence, it can be concluded that if the castor angle was not provided, the
steered wheel will be wandering in response to any disturbance that acts on

it, and could alter the path the vehicle is expected travel along.

A.3 Method of Least Sum of Error Square Solution
In this appendix, mathematical formulations to compute the elements of
the equation of the track are presented. The equation of the track

considered in chapter 5 for analysis is of the form

y=mXx+c (A.3.1)
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Figs. A.1a,b,c Caster Action for Vehicles with Rear Wheel Driving

305



In this equation, m is the slope of the line and ¢ is the offset, y is the
image row and x is the column location of the image. Since the camera image
is composed of more than two rows of image, there will be more number of y
and x values than the number of unknown parameters. The edges of the image
of the track received from the camera may not be a true straight line due to
noise and resolution of the pixels to distance ratio. Consequently, it is
necessary to consider more number of rows of image data to compute the
unknowns and a least sqaured error solution method has to be applied to solve
the system of equations with more equations and less unknowns. The general

form of the -~quation is

[x 1]
T 1
x2 1 m
{y1 Yy ceeeeeens yn} = o (A.3.2)
c
x 1
e n -
ie. ¥ =XAl (A.3.3)
Here yl, yz, ceeey yn represent the rows, xl. xz, ..... , xn are the

corresponding column locations of the image center. The superscript T is
used to represent the transpose of the column vector. The Least Sum of Error
Square Solution (LSES) can be derived using equation (A.3.3) a5

Y=l = ATXx"=MB (A.3.4)

Here M = A" and B = X', Since the objective is to compute the matrix M, it
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is given by
M=yB" (A.3.5)

Equation (A.3.5) results in an unique solution if and only if B is a
square matrix. Since the matrix B is a non-square matrix, it is necessary to

compute the error E as
E=y-MB (A.3.6)

The objective function is to minimize the error E. The sum of the

square of the errors is
. T
Zie i"=Z e e (A.3.7)

i.e. Trace (E' E) = Trace ( (y-MB)’ (y-MB) )

= Trace (yTy - BTMTy - yTMB + BTM'MB) (A.3.8)

Differentiating equation (A.3.8) with respect to M, results in

Ty T\T

d (Trace (E'E)) = -yB' - yB" + (B"™M")T BT + (8"™M")"B" (A.3.9)

dM

From this equation it can be inferred that the left hand side of the

equation (A.3.9) is zero, if yB'r = MBBT. i.e.

M=yB(BB)" =y [BT(BBT)"] = y A(B) (A.3.10)
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Where A(B) is the pseudo-inverse of B. Substituting M and B from equation

(A.3.4), expression for A is obtained as

AT = y ax) =y TN =y x X007

ie. A= XXy (A.3.11)

Hence the unknowns m and ¢ can be computed by solving the equation
(A.3.11) after making the appropriate substitutions. Substituting the matrix
X and the column vector y from equation (A.3.1) and simplifying, the unknowns

c and m are computed from

L IXLy-Lxpw
n [ x* - [ x)°
oL - [xLv

anz-[Zx]z

(A.3.12)

(A.3.13)
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APPENDIX - B

MECHANICAL COMPONENTS DESIGN DETAILS

B.l Introduction

It has been mentioned in Chapter 6 that the AGV has been designed to
provide maximum flexibility in order to change the wheel base configuration
as and when desired. The objective of this feature is to experimentally
verify the best possible wheel base configuration that can perform a

particular industrial task.

Referring to Fig. 6.3, it can be seen that the structure of the AGV has
been divided into two levels. The lower level houses the wheel drive units,
the batteries, the dc to ac inverter and the servo amplifiers. The front end
of the upper level has the system computer and the control panel. The rear
half of the upper level is left empty so that materials can be transported
for testing the load carrying capacity of the AGV. The camera and the lights

are located at the front end of the vehicle.

B.2 Lower Level Frame Weldment

The lower level of the weldment has been divided into 3 compartments along
the longitudinal and lateral directions respectively, thereby providing 9
equal cells. Figure. B.1 shows plan and elevation views of the lower level
showing the cells. The circles shown in the top view indicates the maximum
limit reached when the steering arrangment is used. These cells have
provision for mounting a wheel mounting bracket. These are the brackets to
which the motor-in-wheel drive units (described in chapter 6) are attached.

One such bracket is presented in Fig. B.2. There are two kinds of brackets,
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centered and offsetted wheel mounting area with respect to the top ends of
the bracket that attaches with the lower level frame. The centered brackets
are for mounting the wheels at the middle compartment and those with the
offsets are for the extreme compartments. An assembly view with driving
wheel sets is shown in Fig. B.3. Idling casters can also be attached with

these brackets. Caster mounting arrangement is illustrated in Fig. B.4.

B.3 Mass Center Calculation

Since the distribution of loads in the vehicle is not totally balanced,
the mass center does not coincide with the geometric center. As a result of
this, some wheels are loaded more heavily than others. Hence, it s
necessary to compute the actual load distribution on each wheel using the
layout of the AGV and rearrange the components of the AGV in order to achieve

equal distribution of loads on wheels.

The location of various components of the AGV is shown in Fig. B.5. With
this arrangement, the mass center location is calculated as follows. The
overall dimension of the AGV is 1115 mm long, 78! mm wide and 600 mm high.
The geometric center (x, y ) is at (557.5, 390.5) mm. The mass centers of
various components relative to the origin are given below. The origin is
chosen at the left hand bottom corner of the AGV and is shown in Fig. B.S.

The mass centers are

Mass center of battery-l1 is (xl. yl) = (182.5, 125)
Mass center of battery-2 is (x 2 yz) = (932.5, 656)
Mass center of computer is (xa, ys) = (830.0, 230)

Mass center of servo-amplifier (x N y4) = (Y32.5, 125)
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Fig.

B.2

Wheel Mouting Brackets for the Motor-in-wheel Drive Units
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Mass center of UPS unit (xs. ys) = (182.5, 656)

Taking moments about the origin results in

1)

WX = }Egl WX (B.1)
5

Wy=I wy (B.2)

W= ? w (B.3)

Substituting the values of (x‘, yl) and w, for i = 1, 2,..,5 the computed

mass centers are

X = 587.8mm andy = 376.0 mm (B.4)

Though the geometric center and the mass center do not coincide, the mass
distribution chosen here provides a mass center which is very close to the

geometric center.

B.4 Driving Arrangement

The driving motor is a permanent magnet (PM) brush type 24 volts dc
motor. The armature houses a commutator and feedback elements on one end,
and and a speed reduction unit at the other end. The specifications of the
driving arrangement is presented in Table B.3. The motor-in-wheel drive unit

from the manufacturer does not have provisions to attach an encoder and it
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Lower |l evel frame 1 unit
Upper level frame 1 unit
Batteries with the holders 2 units
Wheel-drive units 2 units
Wheel Mounting brackets 4 units
Computer (IBM-AT) 1 unit
Servo-amplifiers 2 units
UpS- power supply 1 units

28.5 1b
12.0 1b
120.0 1b
38.0 1b
24.0 1b
30.0 Ib
1o
1b

w o
(ol ]

Total Weight

273.5 b

Table B.1

Overall System Weight Analysis

Standard tube size used : 1 x 1” rounded sq. tube: 1/8” thick
Tube Material : Aluminum (T6061)
Tube weight 10 pounds for 20 ft length.
a)| 78.1 cm long tube 8 units 624.8 cm
b)[111.8 cm long tube 4 units 447.2 cm
c)| 29.0 cm long tube 12 units 348.0 cm
d)] 31.0 cm long tube 4 units 164.0 cm
e)| 14.5 cm long tube 4 units 58.0 cm
f)| 17.5 cm long tube 4 units 70.0 cm
Total length used 1710.0 cm
Tube length used = 1710 cm = 56.102'
Total weight of lower level = 28.05 lb.

Table B.2 Lower Level Frame Weight Estimation
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Gear ratio of the speed reducer 1:9.9
Maximum motor speed 1350 rpm
Maximum wheel speed 145 rpm
Maximum 1 inear speed 1.2 m/s
Wheel diameter 150 mm
Tire width 25 mm
Maximum axial load on tire 200 Kg
Tire material rubber
Tire static friction coefficient 0.02 Kg/ton

Table B.3 Driving Arrangement Specification

Rated Voltage ) 24 Volts
Maximum Power Input Pln 198 Watts
Maximum Power Output Pout 130 Watts
Continuous current Ic 9.00 Amp
Starting (peak) current lp 45.5 Amp
Armature Inductance l..a 4.7 mH

Armature Resistance Ra 0.602 Q

Table B.4 Electrical Characteristics of the Driving Motor
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provides only for a tachometer. Hence a collar and an attachment are
designed for providing an encoder feedback. This assembly is shown in Fig.

B.6.

B.5 Drive Motor Parameters Calculations
From the motor characteristic curves shown in Fig. B.7, the motor torque

constant (Kt) is computed.

_ 3-1.35 Nm _
Torque Constant l(t = S E-I17 A - 0.114 Nm / A (B.5)

The relationships between the motor torque and the voltage, and speed are

given by

22.5 -0V = -7.031 Volts / Nm (B.6)
0-3.2 Nm
1250 - 500 rpm _ _ 412.088 rpm / Nm (B.7)

From these relations the velocity constant Ke has been ::stimated to be

_ 7.031 V/Nm - _ Volt
Ke = 212,088 rpm/Nm = 0.0171 Voit/rpm = 0.163 Tad/s (B.8)

The stall torque (T'), static friction torque (Tf) and the no load speed

(Nf) of the motor are obtained from Fig. B.7 and are
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Stall torque= T = 4,05 Nm = 4.05 Kg. m?
s —_— (B.9)
sec

. ; _ 2

Static friction torque = ’l‘f = 82 Nm = 820 Kg. r;x (B.10)
sec
No load speed = N, = 1700 rpm = 178.03 rad/s (B.11)
From the manufacturers specifications, the rotor inertia is Jm is

Rotor inertia = J = 0.002 Kg.m’ (B.12)

The mechanical damping coefficient (D-) and the time constant ('rm) are

evaluated from the mechanical parameters of the motor as below.

Tc 4.05 Nm >
Damping B, = N = 178.03 rad/sec = 00228 Ke-m (B.13)
f sec
Jm 0.002
Mechanical time constant 'rm = 'l: = 50358 = 0.088 s (B.14)

The electrical parameters of the motor are provided in Table B.4. The

electrical time constant T, is given by
Electrical time constant = T = ﬁ—‘ = 5602 - 0.0078 s (B.1S)

B.6 Steering Arrangement

The overall assembly of the integral drive unit with a steer motor is

presented in Fig. 6.8. It can be seen that an aluminum bracket in the shape
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of an inverted L houses a bearing for the steering unit. One end of the
aluminum bracket is attached to the stator casing of the drive motor. The
inner race of the bearing is attached to the bracket. A lock plate is also
attached to the inner race to prevent any axial movement of the bearing.
The outer race of the bearing is fixed in position by a lock ring. The lock
ring also locks a large speed reduction gear. The lock ring with the gear
forms the stationary components of the steering unit. The lock ring can be
attached to a fixed body in the system (vehicle body). The power for the
steering is provided by a permanent magnet dc motors. The steer motor is a
self contained unit with a speed reduction gear unit. This motor is fixed to
the body of the aluminum L-bracket mentioned above. The speed reducer shaft
of the steer motor carries a plastic gear which engages with a stationary
large gear. Hence whenever the steer motor rotates, this pinion also rotates
as the large gear is stationary, the wheel body along with the steer and

drive motor turns (to the left or right). The gear ratio is 1:62.7.

B.7 Steer Motor Parameters Calculations

The characteristic curves and specification of the steering motor are
provided in Fig. B.8, and in Table. B.5 respectively. Only the speed torque
and current torque curves are available for this motor from the manufacturer.
From the motor characteristic curves, the motor torque constant (Kl) is

computed as

=3 Nm /A (B.16)

W oo
[}

Torque Constant Kt =

The relationships between the motor torque and the speed is given by
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Fig. B.8



1S ~ 47.5 rpm
13 -2 Nm

= -2,955 rpm / Nm (B.17)

The stall torque (T'). and the no load speed (Nf) of the motor are deduced
from the graph (Fig. B.8) and are
2

Stall torque = T = 18.0 Nm = 18.0 Kg. m" (B.18)

2
sec
No load speed = Nf = 45 rpm (B.19)

The rotor inertia, and the motor mechanical time constant data are not
available from the manufacturer. Hence it will not be possible to compute
the mechanical time constant of the motor. The electrical parameters of the
steering motor are given in the Table B.S5. From these parameters, the
electrical time constant 'te is given by

La _4.1 mH

Electrical time constant = T = R—, 16950 = 0.376 s {B.20)

Rated Voltage \ 24 Volts
Max imum Power Input Pln 42 Watts
Max imum Power Output Pout 13 Watts
Continuous current I 1.75 Amp
Starting (peak) current I 8.8 Amp
Armature Inductance L 4.135 mH
Armature Resistance R 10.9 Q

Table B.5 Electrical Characteristics of the Steering Motor
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APPENDIX - C

COMPONENTS OF THE FEEDBACK CONTROL SYSTEM AND
DATA ACQUISITION SYSTEM INTERFACE

C.1 LM628 Motion Controller Interface

This section of the thesis describes the components and operation of the
servo-controller chip LM628. The LM628 is a precision motion controller chip
from the National Semiconductor laboratory intended for servo control of dc
servo motors. This motion controller can be used if and only if the f eedback
is of a quadrature signal from an incremental encoder. The host computer
downloads the necessary motion parameters that are described in section c.6,
and then issues the appropriate command to the chip to start the motion.
After this, it is not necessary for the host computer to interact with the
motion controller. The host computer can perform other tasks during this
time. The motion controller chip performs the closed loop control to drive
the motor to the desired position or to run the motor at the desired
velocity. The motion controller can also issue an interrupt to the host
processor to indicate the completion of the task. The data downloaded can be
either in decimal or hexadecimal format. The components of the chip are

shown in Fig. 6.12.

Fig. C.1 illustrates the pin layout of LM628 motion controller.  The
bi-directional data lines DO to D7 (pins 4 to 1l) are connected to the host
computer data lines. These lines are used to write commands and data, and
also to read data from the LM628. They are also used to read the status byte
from the LM628 before writing data or command to the chip. Pins 1, 2, and 3

are the encoder input signals I, A and B respectively. Pin 26 is the system
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clock input (CLK). There is a RESET input pin (27) to initialize the LM628
chip internal registers. This is done while the computer is being powered
up. and is an hardware reset. There are two other pins performing important
function of reading and writing data from and to the chip. They are the Chip
Select (CS) of pin 12, and the Port Select (PS) f pin 16. When PS is” low,
command port is selected, and data port if high. The following modes are

controlled by PS :

Commands are written to the command port (PS low)
Status byte is read from the command port (PS low)

Data is written and read via the data port (PS high)

C.1.2 Position Feedback Interface

The LM628 servo-controller accepts SV TTL quadrature signals (A and B)
from an incremental encoder. Index pulse (I) can also be directly connected
to the chip. The chip has a built in encoder decoding circuit. Because of
the quadrature signal, the resolution of the counting is multiplied by a
factor of four compared to the number of pulses per revolution of the encoder
disc. It is possible to read the actual position based on the encoder
counts, as well as the velocity. Here the velocity is computed directly from
the encoder pulses and no external velocity measuring device needed. The
time interval between two pulses is used to compute the velocity. The
encoder signal inputs are synchronized with the LM628 clock. The maximum
clock rate of the LM628 is 6 MHz. The maximum capture rate for the encoder
counting circuit is 1 MHz. If noise is present in the encoder signals and if
it disappears before the next encoder signal arrives, then the LM628 de-oder

will ignore the noise. It is necessary to filter out the noises that may
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mimic the quadrature counts or persists through encoder transitions.

C.1.3 Velocity Profile Generator

The LM628 motion controller has an internal velocity profile generator.
The profile generated is a trapezoidal function with an acceleration period,
a constant velocity period and a deceleration period. The duration of the
acceleration and the decelerations are one and the same. This profile is not
programmable and it can not be modified by the user. However, one can change
the velocity and position command while the LM628 is executing a motion
command. The acceleration can not be changed while the motion is in
operation, and hence either the motor has to be brought to rest or the
previous trajectory command should have been completed before altering the

acceleration value.

C.1.4 Sampling Interval

Since the controller is digital, the rate at which the data in/out are
performed will affect the performance of the control system. The
proportional and integral terms have a sampling time of 2048/f‘CLK, where fcuc

is the operating frequency of the LM628. In our case, the value of fcu( is 6

MHz, and hence the sampling time is 341 us. The sampling time of the

derivative term in the PID filter is programmable. This time ranges from
» i -

2048/fc1.x to (256 2048/fc1_x) in steps of 2048/fCLK. For CONCIC-2 AGV, the

range is from 341 us to 87,38l pus.

C.1.5 Command and Data Read-Write Operations
Commands are written to the motion controller by the host computer using

the 1/0 ports  Figure. C.2 shows the L.M628 command write operation. This is
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done while the Port Select (PS) input is logic low. The desired command code
is written to the parallel port line and the write (W_R.) input pin is strobed.
The command byte is latched into the LM628 on the rising edge of the WR

input.

It is important to check the status of the LM628 from the host computer
before attempting to write a command and/or data, as well reading a data.
This can be achieved by checking the last bit (busy bit) in the status byte
read from the LM628. This read operation is accomplished by strobing the
Read (RD) input when PS is low. The status information is valid as long as
the RD is low. Figure. C.3 illustrates the status byte read operation. The
busy bit is never longer than 100 us, and is anywhere from 15 us to 25 us.
The busy bit goes high as soon as the write a command byte or read or write a

data operation is completed.

The data read and write operations (Figs. C.4 & C.5) are done with the
PS logic high. Each byte requires a Write (WR) or Read (RD) strobe. The
motion controller has two addresses, one for writing control commands, and
the other for writing and reading data. All write and read operations need
to be performed only when the busy bit is logic zero (not busy). All
commands and data written with the busy bit high will be ignored. For
writing commands, it is necessary to check the busy bit first, and if found
low, the command is written to the LM628. For data write or read, for 32 bit
data, it is necessary to check the busy bit before writing or reading every

16 bits (2 bytes) of data.
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C.1.6 Motion Controller Commands

The LM628 has a set of internal commands to perform various functions.
Table. C.1 illustrates the various commands of the LM628 and the
corresponding data value to be downloaded to execute those commands. These
functions can be categorized as

a) Initialization Commands

b) Filter Control Commands

¢) Trajectory Control Commands

d) Interrupt Control Commands

e) Data Reporting Commands

C.1.6.1 Initialization Commands

There are four initialization commands namely RESET the LM628, set the
output port to PORTS, set the output port to PORTIZ and Define Home. The
hexadecimal values to be loaded to the LM628 to execute these commands are 00
Hex, 05 Hex, 06 Hex and 02 Hex respectively. If the DAC used is of 8 bits,
then it is not necessary to execute the set output port to PORTS. The
command RESET the LM628 is equivalent to the hardware reset discussed in

section C.1. The command DEFINE HOME provides an absolute zero position.

C.1.6.2 Filter Control Commands

There are two filter control commands. They are load filter parameters
and update filter. The corresponding hexadecimal values for these are IE
Hex, and 04 Hex respectively. Table C.2 shows the filter control word bit
allocation. Bits 15 to 8 are used to set the derivative sampling time. In
Table C.3 derivative sampling time selection is presented by changing the

value of the bits 15 thru 8. Bits 7 to 4 are not used. A logic high on bits
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R STIRS T T e

Type Descr iption Hex Value | Data Bytes
Initialize Reset LM628 00 0
Initialize 8 bit output 05 )
Initialize 12 bit output 06 o
Initialize Define home 02 0
Filter Load filter para. 1E 2to 10
Filter Update filter 04 0
Tra jectory Load trajectory 1F 2to 14
Tra jectory Start motion 0l 0
Interrupt Set index pos. 03 0o
Report Read status byte None 2
Report Read signal regs. oC 2
Report Read index pos. 09 4
Report Read desired pos. 08 4
Report Read real pos. 0A 4
Report Read desired vel. 07 q
Report Read real vel. OB 2
Report Read int. sum. oD 2

Table C.1 LMé628 Command Summary
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Bit Position Function
Bit 15 Derivative sampling interval bit 7
Bit 14 Derivative sampling interval bit 6
Bit 13 Derivative sampling interval bit §
Bit 12 Derivative sampling interval bit 4
Bit 11 Derivative sampling interval bit 3
Bit 10 Derivative sampling interval bit 2
Bit 9 Derivative sampling interval bit 1
Bit 8 Derivative sampling interval bit O
Bit 7 Not used
Bit 6 Not used
Bit § Not used
Bit 4 Not used
Bit 3 Loading Kp (Proportional) data
Bit 2 Loading Ki (Integral) data
Bit 1 Loading Kd (Derivative) data
Bit O Loading Il (Integral limit) data
Table C.2 Filter Control Word Bit Allocation
Bit Position Sampling Interval
us
15 14 13 12 11 10 9 8
0 0 0 0 0 0|0} O 341.00
o o 0 o 0 ) 0 1 682.67
0 0 0 0 0 0 1 0 1024.67
0 0 0 ] 0 0 0 i 1365.33
1 1 1 1 1 1 1 1 87381.33
Table C.3 Derivative Term Sampling Interval Selection Code
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3 to O indicates that the data downloaded are Kp. K;' K 4 and Il respectively.
The order of loading is the same as that shown above. The filter

coefficients downloaded to the LM628 are of 16 bit words.

The downloaded filter coefficients are written to a primary buffer. A
set of secondary buffers form the working register. The data from the
primary register is moved to the secondary registers if and only if the
filter update command is executed. This command is done by writing a command
04 Hex to the LMé628 after checking the busy bit. As a result of this
feature, the primary buffer can be loaded with a large set of (filter
coefficients in advance, and updating the filter can be done at regular
intervals to save execution time for real time systems. There is no
information in the LM628 literature concerning the maximum number of data

sets that can be loaded and the buffer size.

C.1.6.3 Trajectory Control Commands

As in the case of filter control commands, the trajectory control
commands also have two commands. They are load trajectory parameters and
start motion and the corresponding hexadecimal values to be downloaded are IF
Hex, and Ol Hex. The trajectory control word bit allocation is shown in
Table. C.4. Bits 15 to 13 are not uysed. A logic high on bit 12 indicates
that the direction of rotation is forward (clockwise) and is valid only in
the velocity mode. Bit 11 is to set the mode of operation as velocity or
position. Bits 10 thru 8 are to stop the motor. Bit 10 is for smooth stop
of the motor and uses the programmed acceleration (deceleration) value. Bit
9 is the panic stop as the motor is stopped at the maximum possible

acceleration. This is accomplished by setting the desired position to the
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Bit Position Function
Bit 15 Not used
Bit 14 Not used
Bit 13 Not used
Bit 12 Forward direction - velocity mode only
Bit 11 Velocity mode selection
Bit 10 Smooth stop - use selected deceleration value
Bit 9 Stop abruptly - use maximum acceleration value
Bit 8 Turn off - zero output to the DAC, no feedback
Bit 7 Not used
Bit 6 Not used
Bit § Acceleration will be loaded (absolute)
Bit 4 Acceleration will be loaded (relative)
Bit 3 Velocity will be loaded (absolute)
Bit 2 Velocity will be loaded (relative)
Bit 1 Position will be loaded (absolute)
Bit O Position will be loaded (relative)
Table C.4 Trajectory Control Word Bit Allocation
Bit Position Function
Bit 7 Motor Off
Bit 6 Breakpoint Reached (Interrupt)
Bit 5 Excessive Position Error (Interrupt)
Bit 4 Wraparound Occured (Interrupt)
Bit 3 Index Pulse Observed (Interrupt)
Bit 2 Tra jectory Complete (Interrupt)
Bit 1 Command Error (Interrupt)
Bit O Busy Bit

Table C.5 Status Byte Bit Allocation
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Bit Position Function

Bit 15 Host Interrupt

Bit 14 Acceleration Loaded tinot updated)

Bit 13 Trajectory Update Executed (filter not updated)
Bit 12 Forward Direction

Bit 11 Velocity Mode

Bit 10 On Target

Bit 9 Turn off - excessive position error

Bit 8 Eight Bit Cutput Mode

Bit 7 Motor Off

Bit 6 Breakpoint Reached (Interrupt)

Bit S Excessive Position Error (Interrupt)

Bit 4 Wraparound Occured (Interrupt)

Bit 3 Index Pulse Acquired

Bit 2 Trajectory Complete (Interrupt)

Bit 1 Command Error (Interrupt)

Bit O Acquire Next Index Puise (Set Index Executed)

Table C.6 Signal Register Bit Allocation
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current position. This is the dynamic breaking of motor and is achieved by
reversing the direction of rotation of the motors. Bit 8 is to stop the
motor by applying a zero output to the DAC. This is equivalent to turning
off the motor. During this kind of stopping, the LM628 does not check the
feedback signals coming from the encoders. It permits the motor to come to a

dead stop due to it's own inertia.

Bits 5 through O are to inform the nature of the data that is being
downloaded to the LM628. This ranges from absolute acceleration, relative
acceleration, absolute velocity, relative velocity, absolute position and
relative position. A high on these bits indicates the data is being loaded.
The order of loading is the same as the way it is mentioned above. All data
values contain 32 bits (two 16 bit words). The position and velocity can be
downloaded at any time while the motion is in progress, whereas the
acceleration cannot be changed unless either the motor is in the off bit

condition or the current trajectory command is completed.

As in the case of filter commands, here also the data are written to a
primary buffer. On execution of the start motion command, the data is moved
to the working secondary registers. This feature allows downloading of
multiple data values to the LM628 in advance. No information is available

concerning the size of the buffer to hold the data.

C.1.6.4 Data Reporting Commands
The data reporting commands consist of read status byte, read real and
desired positions, velocity, read signal register, read index signal position

and read integration sum limit. The status byte read operation has no
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command byte, and is performed by simply reading the command port. The other
read operations mentioned above requires the following commands to be written
to the command port before reading the data from the data port. The command
bytes are 08 Hex, OA Hex, 07 Hex, OB Hex, 09 Hex and OD Hex respectively.
The real velocity read is only 16 bit wide. The bytes are read from most to

the least significant bytes.

C.1.6.5 Interrupt Control Commands

CONCIC-2 does not use these commands and hence are not described here.

C.1.7 LM628 Motion Controller Interface Card

The motion controller card has the LLM628 motion controller chips and the
necessary hardware to provide communication with the host computer and the
outside world. The outside world for the LM628 includes the incremental
encoders from where the chip receives input pulses, and thc DAC and servo
amplifiers to which the control signal is sent. Opto-couplers are provided
in the system to prevent componeut damages due to short circuits. The
couplers are provided between the LM628, IBM bus, servo amplifiers and
encoders. Figure. C.6 shows the location of the components on the interface
board. The motion controller card has been designed and wire-wrapped to
control four motors independently. For this purpose, the interface card can
be divided into three segments. They are :

a) Interface with the IBM BUS

b) Motion Controller and DAC-08

¢) Conditioning for the servo amplifiers

d) Conditioning for encoder signals

e) Safety Features
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C.1.7.1 Interface with the IBM Bus

Figure C.7 illustrates the circuit diagram of this interface. Bus
drivers 74LS245 and 74LS244 are used to drive all the IBM BUS signals to the
LM card. The maximum clock rate of the LLM628 motion controller chip used is
6 MHz. The Intel-286 processor used in CONCIC-2 is operating at 12 MHz
Hence it is necessary to divide the clock signal of the 286 processor by a
factor of 2. This is done by the flip-flop 74LS76. The host computer resets
while booting with a reset signal going high from low, whereas the LM628
resets on low from high. An inversion of the computer reset signal has been
carried out to meet this requirement. Decoding the address is performed by
the use of two PALI6L8 (prcgrammable array logic). The various addresses
available for the control of the four motors are provided in Table C.7.
There are a total of 12 addresses for chip selection of all LM628. These 12
addresses are, one command and data address to control each motor (total of
8), and two common command and data addresses for each pairs (A & B, C & D)
of motors. It is assumed that the motors A & B are used for driving and C &
D are for steering. These common addresses are provided to issue update or
start a trajectory command. This facilitates simultaneous starting and

stopping of pairs of motors.

C.1.7.2 Motion Controller and the DAC-08

The interface circuit is shown in Fig. C.7. The DAC empioyed is an 8
bit DAC. Pin 17 on LM628 which is the Hl pin is only for future development
and is not connected. Of the 8 bits available with the DAC-08, only 4 bits
are used by the driving motors. These four bits cover the entire spced range

of the motors.
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C.1.7.3 Conditioning for the Servo Amplifiers

The signal conditioning circuit of the servo amplif iers interface |is
presented in Fig. C.8. Two operational amplifiers are used for each output
signal going to the servo amplifiers. The first operational amplifier is to
convert the current signal coming out of the DAC-08 to a voltage signal. The
second operational amplifier is needed to attenuate the signal from the first
one in order to generate an output voltage in the range of -7.0 to 7.0 Volts.
This is the input voltage range as required by the servo amplifiers from
Galil Motion Control employed in the AGV. A current limiting resistor of 100

kW is added at the input terminal of the servo amplifier.

C.1.7.3 Conditioning for the Encoders Signals and Safety Features

The encoder interface with the LM628 is shown in Fig. C.9. The LM628 has
provisions for direct connection of the encoder signal output lines.
However, there is a problem associated with this arrangement. The encoder
signals do contain some element of noise and hence a simple filtering need to
be added. This is the function of this conditioning circuit. A RC-filter
with a Schmidt trigger is added to remove the unwanted spikes.
Figures. C.10, C.11, C.12 shows the hardware interfacing for the safety

features.

C.2 Servo Amplifier

A servo amplifier provides the power as required by the motor depending
upon the load carried by the motor and the desired speed/position set by the
user. A servo amplifier is at the down stream of the control loop after the

servo-controller and before the motor. Most of the commercially available
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servo amplifiers have a logic stage in addition to the power stage. The
logic stage provides feedback arrangement in order to connect the output of a
tachometer or the motor voltage to provide an analog feedback system. The
logic stage has provisions to set the continuous and peak current limits and
inhibit the motor in both directions if necessary. The off-the-shelf servo
amplifiers employed in the AGV are pulse width modulation amplifiers from

Galil Motion Control.

Servo amplifiers provide uni-directional and bi-directional control of
motors. These amplifiers are used to control small motors compared to the
conventional speed control devices which are employed to operate the huge
industrial motors. Servo amplifiers can be classified into two types based
on the type of feedback that has been employed as current and voltage

amplifiers. The amplifiers are further classified based on the mode in which

they are used. This classification provides the following : linear
amplifiers, SCR amplifiers, and the switching amplifiers. These three
amplifiers provide a full bi-directional control. The amplifiers are further

classified as H and T types depending upon the type of output circuit

employed.

C.2.1 Pulse Width Modulation of Servo Amplifier

Amplifiers employing pulse width modulation are energy efficient
compared to the linear amplifiers. As a result of this the efficiency of
these amplifiers remain high at all load requirements. This is because in
the case of linear amplifiers, a constant dc voltage is applied continuously,
and hence at low loads, the power is lost in heat. This can be avoided if

one can control the power input to the amplifier depending on the load
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requirements. This is achieved with the use of switching amplifiers.
Amplifier switching can be done by varying the pulse width depending on the
load and hence the name puise width modulation. A minimum duty cycle of 507
is present in PWM amplifiers. By varying the pulse width (duty cycle), the
average value of the output voltage is modified and hence power saving is

achieved.

As mentioned in the section 6.1, T and H-type are the twvo other
classifications based on the type of output. The H-type needs only one power
source, whereas the T-type requires two power sources. One undesirable
characteristic of the H-type is that it is not easy to sense the motor
current as the motor voltage is floating. The H-type with bipolar drive is
employed in the servo-amplifiers used in the AGV. In the bipolar drive
system, the transistors are turned on in pairs. For positive rotation of the
motor, the power transistors Qx and 04 are turned on. The pair Q2 and 03 are
used for the counter clockwise rotation of the motor. This provides a motor
voltage to vary from positive maximum (rated value) to the negative maximum
(rated value). There is a disadvantage in using the bipolar drive in that
there is a switching time to "wrn the transistors on and off. As a result of
this a delay has to be introduced in the hardware between turning off one
pair and turning on the other set. This delay is approximately 5 us. As a

result of this, the switching frequency is limited to 20 kHz.

The concept of four quadrant control is to provide a bidirectional servo
control sysem. This can provide positive and negative torques as well as
rotation of the motor in both directions possible. The H-type amplifiers

provide this kind of control.
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C.2.2 Servo Amplifier as a Current Amplifier

The servo amplifier employed in the AGV has been set to operate as a
current amplifier and is shown in Fig. C.12. The armature current |s
obtained by measuring the voltage drop across a resistor. This is compared
with the output of an error amplifier and the error is processed by the
current amplifier to provide a voltage command to the pulse width modulation
section of the amplifier. The current amplifier is a lag-lead network. The

transfer function of the current amplifier is given by

out(s) Al
..... = =27l (C.1)
error a

Here A‘is the gain of the current amplifier, T, is the time constant of the

current amplifier and is given by

T =R _C_=100x10"2 x 0.01 x 10°® = 1 ms (C.2)
50 20

And V is represented as
error

=V -V (C.3)

error eamp m

And Al is the dc gain given by -R50/R45 = -10. VMmp is the output voltage
of the error amplifier, and Im is the current corresponding to the current

measured by the current sensing resistors.
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Motor Control Data
CombinationsjPort Address|Port Address
A 0x280 0x281
B 0x282 0x283
C 0x284 0x28S5
D 0x286 0x287
A& B 0x290 0x291
C&D O0x28A 0x28B
ABCD 0x28C 0x28D

Table. C.7 Motor Combinations and Control Addresses

1| 2] 3| 4f 5|6} 7
Ic | x| x
sh ] x X
In x| x| x x| x| x
Pr X X
Vs x| x| x| x| x| x

% - Illuminated LED

1. External inhibit.

2. Under / over voltage protection.

3. Short protection.

4. Cntinuous current limit.

5. Insufficient lecad inductance cr loss of tacho feechack.
6. Over temperature.

1. Internal power supply is loaded

Table. C.8 LED Diagnostics for Galil PWM Servo Amplifier
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C.2.3 Galil PWM Servo Amplifier Features

The servo amplifiers employed in the AGV are from the Galil Motion
Control Incorporation. The amplifier type number is ESA 15/75H. This means
that the amplifier can deliver a maximum continuous current of 1S5A and the
maximum operating voltage is 75 Volts. The letter H implies that it is
horizontally mounted. @ The minimum supply voltage to the amplifier is 20
Volts. The maximum peak current delivered by the amplifier is 37 amps. The
amplifier employs power mosfet bridge drive and is of four quadrant type.
The efficiency of the system is 95% with a switching frequency of 20 KHz.
The amplifier has zero deadband. The input to the amplifier is an analog
signal in the *10 volt range. The amplifier has a power and logic stages.
The power stage contains the pulse width modulation unit and the power
transistors to drive the motor. The logic stage generates the error signals
for the power stage depending upon the load requirements, and also performs
few logic functions. Motor rotation can be inhibited in one or both
directions. The amplifier can be either set in the current or voltage mode.
For the CONCIC-2 AGV, the amplifiers are set in the current mode with the

armature voltage feedback as well.

The logic stage of the amplifier has a differential amplifier (pins 11l
to 13). This is useful for signal buffering and eliminates common-mode
signals. A motor inhibit input (pin 15) is provided to turn off the power
and the logic stages of the amplifier by pulling this input to a low state.
During normal operations, this pin is left in tri-state. One half of the
amplifier can be disabled in the clockwise or counter clockwise direction by
applying a zero input to the pins 17 and 18 respectively. To monitor the

motor current, pin 8 is provided. This pin is also used to set the
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continuous and peak currents of the amplifier. The amplifier is also
provided with LEDs to indicate under/over voltage, terminals shorting, wrong
supply connection, insufficient inductance, current limits, temperature

sensing and loss of feedback signals. Table C.8 shows the LED diagnostics.

C.2.3.1 Peak Current Duration

The duration of the peak current is computed from the following equation

t =-221n e (C.4)

Iop is the actual operating current, Ip and Ic are the rated peak and
continuous currents of the amplifier and tp is the time in seconds for which
the peak current of lp is available. The wvalues of Iop, Ip and Ic for the
AGV discussed in this thesis are 9 amps, 37 amps and 15 amps respectively.

Substituting these values in the equation (6.4), the value of tp obtained is

0.39 seconds.

C.2.3.2 Input Terminals and Amplifier Characteristics

The amplifier is provided with three input terminals with different
adjustable gains. Each output is buffered by a voltage follower having high
impedance to isolate the inputs from the rest of the circuit. These
terminals are marked as 5, 6 and 7. The maximum voltage that can be applied

at each terminal is computed from

V S cemcemo---Bll (C.5)
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The impedance of each input is

R =127x10°+R_ Q (C.6)
In sl
The amplifier of the AGV is working in current mode and hence the current

gain of each input in current mode

18x10°x 1 x K,
G, = —mmmmmmcfonmnle (Amp/Volt) (€7
12.7 x 10° + R_|

C.2.3.3 CONCIC-2 AGV Settings

The value of R“l is = 100 Ohms. The wiper of the trimming potentiometer
T6 is fully clockwise, and hence the value of K‘ is 1.0. The continuous
current value is 15.0 amps. Substituting these values in the equations (6.5)
to (6.7), the following values are arrived for the CONCIC-2 AGV.

Maximum voltage input-5 is Vsm = 7.5 Volts

Impedance of the input-5 is Rsm 22.7 Kohm

Current gain of the input-5 is GSC 11.8 Amp/Volt

Maximum voltage input-7 is V,”n = 41.0 Volts
Impedance of the input-7 is R,”n = 52.9 Kohm
Current gain of the input-7 is G_,c = 2.5 Amp/Volt

C.2.3.4 Load Inductance

It is necessary that the motor should have enough load inductance to
minimize the current ripples within 10% of the rated current value. The
inductance required to keep the ripples within 107 of the rated current is

computed from
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L=01x25x10"x VoL (C.8)

Where L is the total inductance required in mH and V' is the input voltage of
the amplifier. If the motor armature inductance Lum is less than this
value, a choke must be added on the motor circuit. The value of the choke

inductance in mH is

= L - L (C.9)

In the CONCIC-2 AGV, for the drive motor, the value of Larm is 4.7 mH, Vs is
22 Volts and the L computed is 0.67 mH. For the steer motor L“m is 4.15 mH,
V' is 24 Volts, and L computed is 3.3 mH. Since the inductances of the drive
and steer motors of the AGV are greater than the computed inductance using

equation (6.8), a choke is not required.

C.2.3.5 Amplifier in Current Mode with Armature Voltage Feedback

The servo amplifiers from the Galil motion control can be set to operate
in current mode with armature voltage feedback as in the Fig. C.13. It has
been mentioned earlier that the amplifier has three input terminals (S5 to 7).
These inputs can be connected to a reference signal and voltage output of a
tachometer or armature voltage measured across the motor terminals. The
amplifier is shipped with the factory setting such that a feedback connection
has to be made at the input terminals either 6 or 7. Since the impedance of
these terminals are higher than that of the pin 5, these are used for
feedback connection. The reference signal is connected to the pin 5. This
kind of analog feedback arrangement is useful if it is desired to control the

motor with and without the use of an external control system. If an external
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control system is not available then a system consisting of a reference
signal and a tachometer attached to the motor is suffice to perform the

closed loop contrel of the motor.

If it is desired to use an external control system such as digital
control using micro-computers and sophisticated motion controllers, then a
digital loop can be used as the main control loop. The analog loop may or
may not be needed in such cases. To disconnect the analog feedback loop, it
is necessary to change the current amplifier to a linear inverting amplifier
rather than a lag-lead network. The servo amplifier is shipped with the
current amplifier as a lag-lead amplifier. This conversion can be achieved
by disconnecting the capacitor C45. A jumper is provided to connect the two
terminals. With this arrangement the amplifier will not be having a feedback
loop except the current feedback. The current loop compares the load current
with the desired current as computed by the error amplifier based on the
feedback information. The error amplifier also limits the desired current

values to be within the current limits set by the user.

The differential amplifier (U7) is used for armature voltage feedback.
Since the output of the amplifier to the motor is a pulse widtn modulated
signal, the motor voltage is not a simple dc signal. It is necessary to pass
the motor output voltage through a differential amplifier to obtain an
average dc signal. This differential a.nplifier also eliminates common mode
signals. The output of the amplifier is connected to the input terminal 7 of
the amplifier. These connections are shown in Fig. C.13. This is actually a
velocity feedback loop. The velocity loop is ¢ by connecting the

following terminals :
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Terminal 1 (18,20) to terminal 11 (14¢)

Terminal 4 (30,32) to terminal 12 (2a)
Terminal 13 (2c) to terminal 5 (10a)

Terminal 6 (10c) is used for the input command.
The value of the resistors and capacitors are

32 = R134 ; Rlal = R133 H C:,z = C:,3 = 0.1 to 0.47 uF (C.10)

The output of the differential amplifier is computed from

Vlz R133 Rm Vir Ry
V = 1+x - R (C.11)
132

o R + R

133 134 134

Where Vuand V12 are the voltage inputs at the terminals Il and 12
respectively. The value of these two input voltages should be in the range

of -6V to +6V. This gives rise to a condition shown below.

6 R 6 (R + R_)
\Y s — 3 and V s 133 132 (C.12)

R
134 133

The following constraints should also be met,

R 5
3 < ; R_=R_210V? (C.13)
R \' 132 134 s

132 ]

V' is the input voltage of the amplifier. For CONCIC-2 the value of these

resistors and capacitors are
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B3 = 1k Caz = C:’3 = 0.10 uF (C.14)

In order to set the gains of the trimmer pots, it is necessary to use
the motor in position mode with an external position feedback. In this mode,
a digital feedback loop providing position feedback is employed. For setting
the amplifiers for the AGV, the motion controller chip with an encoder
feedback is used. With the gains of the motion controller being kept at a
nominal value, the velocity feedback gain of the amplifier is adjusted while
the trimmer pot (terminal 5) is kept at a fully clockwise (maximum) position.
This setting of 5 provides maximum forward gain, and hence the speed of
response is at the maximum attainable value. The trimmer pot {terminal 7) is
adjusted until the motor response is critically damped. This means that

there is a 5% overshoot.

C.2.3.6 Procedure to Set the Galil Servo Amplifiers

Before using the servo amplifiers to control the motors, it is necessary
to set the continuous and peak current limits of the amplifier based on the
motor ratings. The current amplifier (U4) makes sure that the continuous
current supplied to the motor does not exceed the continuous current limit.
The peak current limit is useful while starting the motor from rest during
which the motor has to accelerate to overcome the load inertia. To adjust
the current limits, jumper J2 is arranged such that the connection A-B is
closed and A-C is open. The currents can be adjusted by monitcring the
voltage output at pin #8. The voltage at pin #8 (Vs) can be computed from

the motor rated current values as below :

Vs = 0.125 * 1 (C.15)



Where I is the continuous or peak curtent of the motor. For CONCIC-2 AGV,
these values are 9 amps and 36 amps respectively. The corresponding voltages
at pin #8 are 1.125 V and 4.5 V respectively. Pin #5 is provided with the
maximum input voltage (7.5 V) through a cur.2nt limiting resistor R21 of
value 100 kQ. The input gain trimmer pots are kept at a fully clockwise
position. The terminals #2 and #3 are connected to the 24 volt dc source. It
is not necessary to connect the motor to set the current limits. To set the
continuous current (lc), the trimmer pot T3 is turned counter clockwise such
that the voltage read from pin #8 is more or less equal to the continuous
current value. At this stage, pot T3 is given a few more turns. Trimmer pot
T2 (Ic) is adjusted to the required continuous current value while monitoring
the voltage output at pin #8. The peak current is set by turning the pot T3
clockwise until the required voltage is read from pin #8. After setting the
limiting currents, jumper J2 is connected such that A-B is open and A-C is

closed so that the current feedback loop is closed.

C.3 Position/Velocity Feedback Components

A feedback device is necessary for the closed loop position and/or
velocity control of motors. Analog feedback of the motor velocity can be
obtained by the use of a tachometer or using the armature voltage feedback.
A potentiometer can also be employed to provide position feedback. For
digital feedback, an encoder is employed. An encoder feedback provides a
pulse train whose frequency depends on the motor speed. A decoder circuit is
needed to count the pulses and convert it to a corresponding speed or
position information. Encoder feedback does not require an analog to digital

converter as in the case of analog feedback.
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C.1.7.1 Interface with the IBM Bus

Figure C.7 illustrates the circuit diagram of this interface. Bus
drivers 74LS245 and 74LS244 are used to drive all the IBM BUS signals to the
LM card. The maximum clock rate of the LM628 motion controller chip used is
6 MHz. The Intel-286 processor used in CONCIC-2 is operating at 12 MHz.
Hence it is necessary to divide the clock signal of the 286 processor by a
factor of 2. This is done by the flip-flop 74LS76. The host computer resets
while booting with a resrt signal going high from low, whereas the LM628
resets on low from high. An inversion of the computer reset signal has been
carried out to meet this requirement. Decoding the address is performed by
the use of two PALI6L8 (programmable array logic). The various addresses
available for the control of the four motors are provided in Table C.7.
There are a total of 12 addresses for chip selection of all LM628. These 12
addresses are, one command and data address to control each motor (total of
8), and two common command and data addresses for each pairs (A & B, C & D)
of inotors. It is assumed that the motors A & B are used for driving and C &
D are for steering. These common addresses are provided to issue update or
start a trajectory command. This facilitates simultaneous starting and

stopping of pairs of motors.

C.1.7.2 Motion Controller and the DAC-08

The interface circuit is shown in Fig. C.7. The DAC employed is an 8
bit DAC. Pin 17 on LM628 which is the HI pin is only for future development
and is not connected. Of the 8 bits available with the DAC-08, only 4 bits
are used by the driving motors. These four bits cover the entire speed range

of the motors.
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Encoder feedback can be either incremental or absolute. An incremental
encoder generates pulses as the motor rotates. The shape of the pulses may
be square, trapezoidal or sinusoidal. The absolute encoders are superior in
performance compared to that of the incremental encoders as they provide the
analog information of the position without the need for a decoder. They are
bulky in order to meet the entire range of operation, expensive and sensitive
to the working environment. On the other hand, the incremental encoders are
relatively simple, compact in design and are 3 to S times cheaper than the

absolute encoders.

The -rrive motors employ incremental encoders with quadrature output
signals A and B which are at a phase difference of 90 degrees. The driving
motors are provided with encoders from PMI motion technologies whose
specification is provided in Table C.9. The quadrature signal provides
bi-directional control of motors. Another wusefulness of the quadrature
signal is that it improves the accuracy with which the feedback measuremcats
can be made. From Fig. 6.11, it can be seen that we can count 4 times (0O,
10, 11, 01) for one cycle of the encoder signals A and B. This feature
permits the use of encoders with smaller number of lines per revolution to

achieve four times the resolution of the encoder.

The minimum speed increment that can be sensed by the feedback system of

the driving motor is computed to be

N = * _— = 0.000244 rev/min/pulse (C.16)

This speed value in terms of linear velocity of the wheel is given by
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Encoder Spcifica-.ion for Drive Motors

Company

Type

Mode! Type
Output Waveform
Input Voltage
Resolut ion

Hub Size
Color Coding
Output - A
Output - B
Index - 1
Ground

Supply Voltage
Specification

PMI Motors :

Incremental Encoders with ABI signals
M23 .

Square wave ; SVolt TTL Standard signal
5 Volt %57

1024 pulses per revolution

0.3750 inch diameter

White

Blue

Green

Black

Red

M23 - 1024 - ABI -5 - § - C - .3750

Encoder Spcification for Steer Motors

Company

Type

Model Type
Output Waveform
Input Voltage
Resolution

Hub Size

Color Coding
Specifications

BEI Motors

Incremental Encoders with ABI signals
M23

Square wave ; 5Volt TTL Standard signal
5 Volt %57

256 pulses per revolution

0.25 inch diameter

Terminals are marked on the enocder
M23 - 256 - ABI -5 - § - C - .2500

Table C.9 Encoders Specification
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= » - -
vmin p*d Nmin GR 7/ 60 m/s (C.17
Where d is the wheel diameter which is 0.05 m, GR is the gear ratio between
the motor and the wheel and is 9.9. The factor 60 is to convert minutes to
seconds. Substituting the values in (C.17), the minimum linear velocity

increment that can be measured is

vmin (driving wheel) = 6.328 x 1 m/s {C.18)

In the case of motor-in-wheel drive units, the feedoack element(s) can be
attached only at the motor end insi-ad of at the output shaft end. Due to
this, any error in the transmission system will not be sensed by the feedback
controller. This results in transmission errors which may play a role in the

accuracy of the feedback control.

C.6 Data Acquisition System Interface

It has been mentioned in Chapter 6 that the CONCIC-1f AGV is provided
with a data acquisition system to record voltages and currents of the motors
and other accessories in real-time. For this purpose, an interrupt driven
data acquisition system has been designed and the functionality of this
system has been discussed earlier in section 6.3.8. Also in section 6.3.9.10
the software layout is explained. In this section, the circuit diagrams of
this interface is provided. Figure. C.15 is the layout of the components on
the data acquisition board. Figure. C.16 1is the circuit diagram for
interfacing it with the host computer. This board also features the analog

to digital converter (ADC). Of the 16 bits available, only 12 bits are
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employed in the current design. This board also houses the 8254-timer which
is used to compute the system cycle time, actual wheel velocity and for
integration by the integral controller of the navigation system. The second
set of figures provided are the signal conditioning circuits which are
interfaced with the outside world which consists of the motors, amplifiers
and the batteries. This board consists of conditioning circuits to filter
noise and to amplify signals when necessary. Figure. C.17 is the component
layout of the signal conditioning board and Fig. C.18 is the circuit diagram
of the multiplexing arrangement. Figures C.19 - C.22 are the circuit
diagrames for the motor voltage conditioning, motor current conditioning,

battery voltage conditioning and the DAC-08 voltage conditioning circuits.
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APPENDIX - D

CAMERA MULTIPLEXER INTERFACE DESCRIPTION

D.1 Introduction

The purpose of the camera multiplexer circuit is to allow two Idetix
cameras to be connected to one Idetix camera controller board. Both cameras
are connected to the interface board in parallel, with the exception of one
signal - the data sent from the optic rams to the controller board. The most
significant address bit sent from the controller board to the cameras decides
which camera will have its data sent to the interface board when a picture is
taken. This division takes place at the address location that corresponds to
1 K byte. The parameters to be downloaded to the camera controller for
single and double cameras are provided in Table. D.l. This table shows a
situation wherein it is desired to receive only 512 bytes of data from each

camera. The row increment has been set to be twice that for the 1 K byte

situation.

Parameter Front Only|Rear Only{Both Cameras
Starting Row Address 0x0080 0x00fe 0x0080
Row Increment 0x02 0x02 0x04
Last Row 0x00fe Oxl17c 0x017c
Number of Bytes 1 K Bytes [1 K Bytes 1 K Bytes

Table. D.I Camera Controller Parameters for Downloading

With this interface, as far as the camera controller board is concerned

only one camera is connected and is referred as a virtual camera in this
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thesis. Wi.en the interface board tries to read the first half of the image
from the virtual camera, it will receive the image from the first camera.
When it tries to read the second half of the image from the virtual camera,
the image data from the second camera is received by the camera controller.
The main benefit of this approach is that only one interface board Iis
required, and the time required to obtain two pictures is the same as for one

full picture.

D.2 Circuit Description

The interface circuit for two cameras using one controller is presented
in Fig. D.1. This interface has three ports of which two are incoming and
the other is outgoing. The incoming ports are connected to the camera heads
while the outgoing one is connected to the camera controller board. In this
setup, there are twu switches to select single or double cameras for data
transfer and to reverse the image. The image reversal is useful for white
tape/paint on t‘he floor instead of the black tape/paint that is used
normally.

All the sigzxe;ls ’from the interface board are connected to bhoth cameras,
with the exception of the DOUT signals which are intercepted by the circuit,
An AM26LS32 quad differential line receiver taps the AO (input 1) and RAS
(input 4) signals from the cable which connects the two cameras to the
interface board. The data out (DOUT) signals from each camera are intercepted
by the receiver chip (inputs 2 & 3), with 120 Ohm terminating resistors on
the inputs. Output 4 (§K§) of the Am26LS32 is inverted and is used to clock

a 74LS74 flip-flop. Output 1 (AO) of the Am26LS32 is presented as the data
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input to wue flip-flop. When RAS makes a high to low transition, it
indicates a valid row address. AO is the most significant bit of the address
byte, which is used to indicate which haif of the image is being read from
the cameras. After AO is clocked into the flip-flop by EE, it is sent to
the A/B input of the 74LS1S7 quadruple 2-linz to I-line data
selector/multiplexer which selects which camera’s data is to be sent to the
interface board. Outputs 2 and 3 of the AM26L.S32 (DOUTI and DOUTZ,
respectively) are connected to a 74LS04 hex inverter, and to SPDT switches S1
and S2. The switches determine whether a positive or a negative image will be
sent to the camera interface board. The 74LS!I57 will present cn its output
the data from camera | or camera 2, depending on whether AO is low or high.
The output data is sent to an AM26LS31 quad differential line driver, whose
output is connected to the DOUT input of the camera interface board. The

circuit derives its power from the +SV and GND lines coming from the camera

interface board.
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SYSTEM DIAGNOSTICS

Symptom

The motors start turning continuously
as soon as the power is turned on and
software loading is completed.

The motors change directions rapidly
and seems to oscillate while
the main menu is displayed.

LM628 Motion Controller not responding
message displayed on the screen
while in some modes.

Full motor speed is attained as soon

as the speed request key is depressed.

NO RESPONSE for PANIC stop keys and the
MOTOR STOPS only for NORMAL stop.

Graphics card not initialized
message appears on the screen.

Screen is blank in graphics mode
but is working well for text mode.

Probable Cause

Check the feedback connections.
Loss of feedback signal.

1) Defective LM628 chip.

2) Chips and the controller
board may not be properly
secured in place. Push the
chips and the board.

This is because the motion
controller chip is not communi-
cating with the host computer.
Stop the system, push the chips
If the problem persists,

change the chips

Feedback is not operational. If
only one motor gives this
problem interchange the snap-on
connector with the other motor
working properly.

If the problem is still present
then, check the encoder signals
by rotating the motor by hand.
Check the wiring.

If the motor behaves properly
after interchanging, check the
1.M628 connections to the snap-on
connector as well as the DB-37
connector on the board. Also
interchange the LM628 chips to
check for a defective chip.

Motion Controller Board Missing.
Address decoding is absent.
Decoder is defective.

Hercules graphics card missing.
Graphics functions used

without initializing the

hercules card by software.

Hercules graphics card missing.



The image is white completely.

Dark screen image with a white line
running on the screen in camera mode.

No camera image on screen

Computer and the monitor are not
working properly.

Monitor and the computer seem to be
functioning, but the AGV slows down
gradually.

One of the motors turn too fast all
of sudden and gets back to normal
speed.

388

Camera head not connected.
The interface in the camera head
is defective.

Camera controller defective
Disconnect the camera from the
controller and check for a fully
white (bright) image

If the problem persists, then
the controller is defective.
Otherwise the interface board
in the camera malfunctioning.

Check the lights. May be off.
Check the aperture opening.
Check the floor for dark
patches.

Exposure time may be too small.

Power for the computer is low.
Check the battery connected to
the computer.

Computer power is too low.
Not enough power for the
servo amplifiers.

Check the amplifier indicator
LEDs for power low condition.
Charge the batteries.

Feedback connections loose.
Servo controller chips are not
secured in place properly.
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OPERATING SYSTEM SOFTWARE DESCRIPTION

F.1 Show the Default Setup

This option allows one to check the default or chosen options of the
vehicle. The console display shows the number of servo controllers employed,
gain values for the PID filters, step change in velocity and the acceleration
value, number of cameras employed and the camera that is being used for
control, the type of controller used by the camera vision mode and the gains
for this controller, and indicates whether the vehicle is travelling in the
forward or reverse direction. The camera window dimensions (number of pixels
converted to distances in mm) and shows whether the wheels are lifted off the

ground or not are also displayed.

F.2 Modification of the Default Setup

The various options provided are discussed below.

(1) Wheels lifted up condition - The PID gains for the wheels lifted up
condition should be very much smalier than the normal running condition.
This is due to the fact that when the wheels are lifted off the floor,
the motors have to overcome only their inertia and no external loading
exists. Experimentally the gains values have been determined and are

provided as a default condition.

(2) Number of servo controllers onboard - The servo controller board has
provisions to accommodate upio 4 motion controllers. As a result of
th.., the vehicle structure can be modified to accommodate more than two

driving wheels or a maximum of two driving and steered wheels.



(3)

(4)

(5)

()

)]

(8)

Controller Gains - The gains for the PID filter of the motion controller

can be modified in order to study their effect on the vehicle

performance.

AGV cruising speed and acceleration - This option provides step changes
in the cruising speed of the vehicle and the desired acceleration value.
These options are useful for experimental verification of the vehicle

performance.

Controller selection in the camera mode - Various controller options are
provided. Proportional, Proportional and Integral, Non-linear or dual
camera are the possible options. If the dual camera mode is selected,
the gains for the camera mode and the number of cameras are preset
automatically to a particular value unless they are modified using the

appropriate option.

Controller gains in the camera mode - The gains Gl and G2 for the
orientation offset and the position offset respectively as well as G3,
the gain for the Integral controller can be modified to study the effect

of these gains on the tracking performance of the vehicle.

Camera for guidance - This option is to choose the front or rear camera

for guidance in the single camera mode.

Number of cameras in use - To study the effectiveness of the dual and
single camera modes, this mode is provided. In single camera mode, only
one camera is used for guidance, but the parameters from the other

camera can be stored using the data acquisition system of the AGV.
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(9)

(10)

F.3

F.4

Provision to enter the calibrated values of the camera window dimension
- This provides the window dimensions in order to convert the pixel

count information to a corresponding distance in mm.

The number of rows of the image used for image analysis - This can be

changed in order to evaluate the accuracy with which the camera image

analysis can be performed.

Camera Calibration Mode

This mode is provided to calibrate the camera vision setup used for
vehicle guidance. Upon entering this mode, the focus, the aperture
opening of the lens, the exposure time and the lights for track
illumination can be adjusted in order to get a clear picture of the
track image. The window size is measured in order to provide a
calibration that converts the number of pixels to a corresponding value
in mm. The console display shows the track width, position and
orientation of the center of the track image relative to the center line
of the image window. This information is used to check the accuracy of
the parameters measured using the camera compared to known values of the
position and orientation. This calibration process needs to be carried
out periodically in order to make sure that the camera and the lighting

arrangement have not been disturbed.

Keypad Mode

This is a semi-manual mode in which the vehicle is driven by

manipulating the arrow keys on the keypad of the host computer. This is

equivalent to driving the vehicle using a joy stick. This feature is
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provided to bring the vehicle to the desired location. This feature is also
used to check the proper functioning of the vehicle controllers, the servo
amplifiers, the motors and the encoders. The UP/DOWN and the LEFT/RIGHT
arrow keys are assigned to drive the left and right wheeis of the vehicle.
The UP/LEFT and the DOWN/RIGHT keys are used to rotate the wheels in the
clockwise and counter clockwise directions respectively. The menu shows the
camera image, the desired and the actual wheel speeds and the operating menu
to perform a variety of control are shown. Provisions to start and stop the

data acquisition option, and the ultrasonic sensors are also included.

F.5 Camera Vision Mode

This mode uses the binary camera vision for guidance. In this mode of
operation, the cruising speed of the vehicle is altered by operating the
UP/DOWN arrow keys. This mode uses the noise filtering, irmage analysis and
the inverse kinematic analysis to compute the wheel speeds using the command
cruising speed and the parameters obtained from the camera presented in
chapter 5 for vehicle control. The AGV simply follows the track on the floor
and ignores any junctions that may be present in the track. The vehicle can
use the front camera or rear camera or both cameras for guidance or guidance
based on track profile identification which is described in chapter 5. The
screen displays the vehicle status such as data acquisition started, sonar
on, obstacle detected and so on are displayed in the status window. The
various options that are available are shown in the lower part of the window.
The option of wusing (f)ront, (r)ear or (b)oth cameras for guidance is
achieved by operating the keys that are shown in parenthesis. The vehicle is
commanded to stop if the track image is absent for 4 consecutive frames if

the track profile identification and guidance mode is not requested.
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F.6 Dual Mode - Raidom Turning Options

A special demoastration mode is implemented to confine the vehicle to
run in a circuit consisting of a circular path with two diametrically
opposite straight line segments. Thus the vehicle can continuously
demonstrate its versatility to negotiate curvature and take appropriate
actions at several common road signs (crosses, T junctions and branches). By
allowing the vehicle to make its own decision as to which direction to take
at the road sign, one achieves a continuous demonstration in which the
coasting speed alone needs to be specified. The primitives and the road
signs identification scheme described in section 5.5 is implemented in this

mode.

Here the screen window is the same as in the previous mode (camera
vision mode) but the status window reports about the turn junction being
identified and the turning option selected randomly. A random number
generator is used and is initialized with the time of the day in order to
avoid the pseudo-random generation. At a cross junction as in Fig. 6.3], a
random number is generated first to decide whether the AGV should continue to
travel along the original direction of travel or make a turn. The vehicle
turns if the random number is even otherwise travels straight. Once the
decision is to turn, then the random number is generated once again, and
based on the odd or even nature of the number the AGV is commanded to turn
left or right. Once the decision is to turn, the AGV reduces the speed
gradually and comes to a dead stop as soon as the geometric center of the
vehicle is aligned with the intersection. During this slowing down process,

the distance travelled by each wheel is used to compute the distance
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travelled by the AGV. This distance is then compared with the actual

distance between the camera center line and the geometric center of the AGV.

F.7 Dual Mode ~ Defined Turning Options

The system is also provided with a user defined turning options mode.
In this mode, a script file is provided to the operating program of the AGV.
This file contains information concerning turning (left/right/straight) at a
particular junction as well as information whether the vehicle has to wait
for a certain duration in order to complete machining operations on the
component that is being carried. A sample script file is shown in Fig. 6.32.
In this figure, the first column is the junction number, the second one is
the decision and the third column is the waiting time. This mode uses the
same module as used by the previous mode but also checks for the turning
option that is read from the file. The validity of the turning option
defined in the file with the option available on the floor is also checked.
If the defined option is invalid then the vehicle is commanded to stop and a

message is displayed in the status window of the vehicle.

F.8 Remote Radio Link Mode

The operation of the radio link mode has been described in
section 6.3.9. The remote radio link option has two sub-modes of operatio,
the keypad and the camera vision. The difference between the operation of
these sub-modes compared to the normal usage is that it checks the serial
port of the pc for data at the end of every cycle of operation and puts data
on the serial link concerning the status of the AGV. The data on the serial
port read by the pc is the command received via the radio link from an

external supervisory computer. The data available on the serial port has two
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parts. One is the actual data and the other is the carriage return which

indicates the termination of the data.

F.9 Dead-reckoning Control Mode

This mode is provided to drive the AGV through a known trajectory without
the use of camera vision feedback. There are three sub-modes available based
on the geometric profile of the trajectory to be followed by the AGV. They
are the straight line functions, the conic functions and the polynomial
functions. The cruising speed of the vehicle is specified before starting the

motion and this can be changed while the vehicle is in motion.

F.10 Data Acquisition Channels Selection Mode

This mode enables the selection of the number of samples per channel.
The data from the channels that need to be stored are providzd. This mode
also has options to store the junction signs while in dual mode, specify the
nature of the track profile for identification scheme, and it also has the
option to store the sampled data in a file. While allocating memory for data
storage, the availability of memory space is also checked. For the host
computer of the AGV, the total available memory space is 640 K bytes. The
DOS and the operating program of the AGV occupy 64 K bytes and 146 K bytes
(approximately) respectively. This leaves 430 K bytes of memory for data
storage. Since the data stored are floating points (4 bytes each), a total
of 107 K bytes of data can be stored. The maximum number of channels
currently used are 22 and hence the maximum value of the total data per
channel is 4800 (approximately). The sampling interval is S0 ms and this

indicates that the data storage duration is 250 seconds.
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F.11 Data Acquisition Channels Calibration Mode

This is provided to calibrate the data acquisition channels. In the
case of hardware channels, the data received from the analog to digital
converter of the data acquisition system is a number which has to be
converted to a corresponding voltage or current value. In order to perform
this, each channel is connected to an external power supply and the
potentiometers are adjusted to get a full scale reading of the digital value
corresponding to the maximum voltage/current the channel is expected to
measure. The software channel readings can also be obtained. This is to get
a relationship between the motor terminal voltage, duty cycle of the pulse

width and the motor speed.
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APPENDIX - G

DYNAMIC MODEL OF CONCIC-II AGY

G.1 Introduction

The objective of this appendix is to provide an abridged version of the
dynamic model of the CONCIC-II AGV system presented by Huang (35]. The
dynamic model and the simulation package developed by Huang [35] has been
used to perform some of the simulations to study the behavior of the
CONCIC-II AGV with single and dual camera guidance. Changes are incorporated
in the simulation package in the control scheme for dual camera guidance

discussed in Chapter S & 7.

G.2 Modeling of the Vehicle

The various components of the CONCIC-II AGV considered for modeling are,
the mechanical structure, the driving wunits (motor-in-wheel-drive units),
LM628 motion controller chips, digitial to analog converter, servo amplifier,
the encoder feedback and the binary camera vision system. The following

analysis are on the modeiing aspects of the above mentioned components.

G.2.1 Assumptions

In the following modeling formulations, the vehicle is considered as a
collection of 3 interconnected rigid bodies, i.e. the AGV body (plus the two
motorized wheels which are rigidly mounted to it) and the two casters. Since
it has been assumed that there are no side slips, the vehicle body can be
considered as a rigid body with two degrees of freedom -- the forward
translation and the yaw rotation. The casters have one more degree of freedom

since it can rotate freely about the pivot axis.



For each of the rigid bodies, resistance (friction) forces act at the
contact patch between this rigid body and the floor, and reaction forces
between adjacent rigid bodies. In the case of motorized wheel, the tractive
force also exists between the wheel and the floor. The resistance (friction)
is dependent on the characteristics of the tires and the condition of the
floor. The reaction forces are the links between the rigid bodies. The
tractive forces are dependent on the characteristics of the motor in the
motorized wheel. A detailed discussion of these forces is presented in
section G.3. The assumptions are summarized into three groups and are
f. Vehicle Body

@ the vehicle body is considered to be a two degrees of freedom system

® the vehicle has a symmetrical structure about the fore-and-aft plane

of the vehicle

e the location of the center of the mass coincides with the geometrical

center of the vehicle
ii. Driving Wheels, Casters and the Servo System

e the two motor-wheel units and their servo systems are considered to be

identical

e the weight support of the vehicle is equally distributed to all the

wheels and casters

e the wheels and casters roll without longitudinal or side slip

e the casters take about 1% of the total mass, therefore their mass is

considered negligible

e two casters are considered to have the same characteristics

e no friction in the bearings of the casters

e the working surface offers sufficient friction to prevent side slip or
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longitudinal slip at the wheels. This assumption is valid since the
AGV is used mostly for indoor applications and the maximum operating
speed is limited to 1.2 m/s.

iii. Visual Feedback System

o the camera image window is assumed to have no limit

G.2.2 Mechanical Structure Load Distribution

The location of the components of the AGV are shown in Fig. B.S. This
arrangement facilitates that the mass center to coincide more or less with
the geometric center. As a result of this, the normal force endured by the
four wheels can be assumed to be the same. The normal reaction at the wheels
and floor is calculated by

wejght of the vehicle body

N1 = 3 + Weight of the wheel (i) (G.1)

where the subscript i presents the location of the wheels:

i =1 for the left motorized wheel;

-
"

2 for the right motorized wheel;

-
[}

f for the front caster;

r for the rear caster.

—
1

G.3 Review of Vehicle Dynaiaics

Fig. G.1 represents a body-centered system XYZ of a rigid body. Consider
a typical point P(x, y, z) within the system moving with linear velocities u,
v, w, in the X, Y, Z direction respectively. Let U, V, W be the instantaneous
velocities of the origin in direction X, Y, Z and p, q, r be the rotational

velocities about X, Y, Z. The direction of the angular velocities are defined
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by the right-hand rule.

The velocities

u=U-=-ry+qz
v=V-pz+r-x
w=W--qx+py

Differentiatine equations (G.1) with time, the acceleration

du U-ry-ry

u = /dt =
v =94t =V - pez - pez
w=dw/dt=w-q°x - g'X
Substituting equations (G.2) with %
U=U-r'y-r-v +q-z
V=V -pz-pwH+ Irx
w=W-qXx-qu+py

Replacing u,

U-rV+qW+r-pz- rl.x - r-y - q2°x + p°qy + g-z

of the point P can be presented as follows [30]:

(G.1)

U, v, and w

+ C.l'z + q.é

v, w in the equation of U by equations (G.1):

U-r-(V-prz+rx)-ry+q(W-qgx+pyl+qgz

+ PeX - X (G.2)
+pry+py
=u, y=v, z=w,
+ q'w
+r-u (G.3)
+ p-v

(G.4)

U-r-V +qW- (r + qz)-x +(p-q-r)y+ (rp+q4)-z
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Hence equations (G.3) can be shown to be as follows:

u = U -rV+qW-(g+r)x +(q-p-r)y+(r-p+q)z
(G.5)

v=V-pW+r-U- (p2 + rz)-y + (req-plz+(pg+r)x

Equations (G.5) defines the accelerations of the point P(x,y,2) in a
rigid body in terms of the accelerations and velocities of the origin of the
body-centered system. Applying D’Alembert’s principle, the equations of

motion of the rigid body are:

Y8 m u = ¥X, the total external force in X direction )

¥ m Vv =YY, the total external force in Y direction
Y3 m w = }Z, the total external force in Z direction
+ (G.6)

yoém (y-w- z-Vv) =YL, the total external moment about x axis

¥yoém (z+u- x-w) = TM, the total external moment about y axis

¥ém (x-v- y-u) = YZ, the total external moment about z axis

The moments and products of the inertia of rigid body are defined as

Ix = Z:[am(y2 + z%)] = moment of inertia about OX )

ly = zlam(xz + z%)] = moment of inertia about OY

moment of inertia about 0Z (G.7)

_ 2 2
1, = Lldm(y" + x )] \

Pyz = Y(8myz) product of inertia about OY and OZ
P.= Y(8mxz)

product of inertia about OY and OZ

ny = Y(émxy) product of inertia about OX and OY

J
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If the origin of the body-centered system is defined to be at the center

of the body, then

Y(dmx) = }(dmy) = }(dmz) = O (G.8)

Substituting the equation of YM in equations (G.6) by (G.S):

M = Ylém(z-04 - x-W)]

M = Z(am(r[l.l -rV+qW- (q2 +19)x + (q°p - oy +
(r-p + g)-2] - x-[{V - qU+pV- (p2 +q°) z+
(p'r-4qrx + (qr + i))yl)]

M= Z(amz)-l} - Y(émz)r-V - Y(dmz):q*W - (g% + rz)):(amxz) +
(q+p ~FIF(Emzy) + (r+p +Q)L(6mz?) - LGmx)W + F(mx)-q-U -

Y(émx)-p-V + (p2 + qz)[(smzx) - (p°r - c’l)}:(amxz) -

|
l
|
L
|
|
|
(g-r + pIT(dmxy)
Collecting the terms in (G.7), and using equation (G.8), the external
moment of a rigid body about Y axis YM with a body-centered system located at
its mass center can be written as:
L
|
?
IM= - (q2 + AP+ (qp-r)P._ +(rp+ q)E(amzz) +
Xz zy
2 2 2
(p" + q )sz - (p'r - Q¥(dmx") - (q°r p)ny

Ao (T - ) 2 205 (. . L
= Iyq (Iz Ix)p r+ (p--r )sz (q°r + p)Ixy+ (g'p r)sz (G.9)
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By following the same procedure, all the external forces and moments of
a rigid body with a body-centered system located at its mass center can be

obtained as:

IX =m(U -r-V +q-W)

1Yy = m(\.l - p'W+r-U)

IZ =m(W - q-U +p-V)
+(G.10)

- - - 1 - . 2- 2 - . - L] - A
JL = pr (Iy Iz)q r +(r q )Pyz (p:q + r)sz + (p°r q)Pxy

_ - _ i 2 _ 2 . . e
M= Iyq (Iz Ix)p r+(p°-r )sz (q'r + p)ny + (q'p r)sz

2 2 . ,

IN = lzr - (Ix- Iy)q p+(g°-p )ny - (r-p +q)Pyz +(r-q - p)sz‘

When there is no overhead in the z axis, W = W = O. Equation (G.10)

becomes:

IX = m(U - r-V)

YY = m(\.l +r-U)

— - - - L] 2— 2 - L] - L] - &

JL = pr (Iy Iz)q r+(r-gq )Pyz (p-q + r)sz+ {p°r q)Pxy +MG.11)
- o - - L] 2— z - . . L] - -

M = Iyq (lz Ix)p r+(p-r )sz (q'r + p)ny+ (q'p r‘)Pzy
- - - - L] 2 - 2 - . A . - -

JN = Izr (lx Iy)q p + {q P )ny (r'p + q)l"yz + (r-q p)Pxz J

Furthermore, for a 3 d-o-f rigid body moving along x, y, and rotating
about z, then the moments about X, and y axis are also considered to be

balanced. Correspondingly p=p =0, q = 4 = 0. The motion equations are:
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TX = m(U - r-V)
LY = m(V + r-U) (G.12)

IN =1+

z

Similarly for & 2 d-o-f rigid body moving along y and rotating about 2,

then U=U=0. From equations (G.12), the equation for 2 d-o-f are:

1Y = m-\.’
. (G.13)
IN = I -¢

G.4 Equations of Motion for the CONCIC-2 AGV

The equations of motion are derived by applying the vehicle dynamics in
section G.2 to the three independent rigid bodies, the AGV body with two
motorized wheels mounted on it rigidly, and two casters which can rotate
freely about the pivot axis. For the convenience, the following definitions
are used in the later discussion. Main body of the vehicle is defined as the
AGV without the four wheels. AGV body is referred to the main body of the

vehicle with two motorized wheels.

Fig. G.2 presents the entire AGV subject to all the external forces.
These forces act at the contact patch of the two motorized wheels and the
two casters. The forces can be grouped under three categories:

e friction forces including rolling resistance and lateral forces;
@ tractive forces;

e normal reaction forces.
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The notation for the first two categories is Fu, where the first

subscript i stands for the location of the wheels or casters:

1 for the left motorized wheel;

2 for the right motorized wheel;

f for the front caster;

r for the rear cater.
Where second subscript j stands for the type of force:

f for the rolling resistance;

n for the lateral force;

t for the tractive force.

For the normal reaction forces, the following notation is used:
Nl for the left motorized wheel;
N2 for the right motorized wheel;
Nf for the front caster;

Nr for the rear caster.

A more detail discussion about the location of the forces and the
reaction forces between the rigid bodies is presented in the following

sections.

G.4.1 Equatjons of Motion for the AGV Body

Fig. G.3 presents the AGV body with the 2 casters replaced by reaction
forces at their pivot points. A body-centered system xyz is located at the
center of mass of the AGV body which is coincident with its geometric center.

The y axis of the system is defined along the longitudinal axis of the
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vehicle body, and it is also the direction of AGV's travel at the mass
center. The 2z axis is normal to the floor (Fig. G.3), and the x axis is
obtained by the right hand rule. Vy is linear velocity along y axis, and nz
is the angular velocity about Z axis. The direction of the angular velocity

is also defined by the right hand rule.

For a 2 d-o-f rigid body, using equations (G.13), the equations of

motion for AGV body are:

m V =YY
Y (G.14)

Iz.nz = ZN

Where TY is the total force at the direction of travel of AGV, IM is the

total moment of the AGV body about the vertical axis z passing through the

mass center. m is the mass of the main body of the vehicle with the two

motorized wheels (the AGV body), and the Iz is the inertia of it about the

z - axis.

G.4.2 Forces Acting on the AGV Body
The forces on the AGV body act on:
e the 2 locations of which casters are pivoted on the AGV body;

e the contact patch between the motorized wheels and the floor.
Since the friction at the bearing is negligible, the reaction forces at

caster pivot are transferred from the casters to the AGV body. The reaction

forces include the normal reaction between the body and the casters, and the
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forces caused by the rolling resistance and the lateral forces at the caster.

The normal reaction N;v, N;v at front and rear casters respectively, are

equal to quarter of the weight of the main body of the vehicle. The reaction

of the rolling resistance and lateral forces of the caster are presented in
. ’

two forces vectors le, Fly along x and y axis respectively (i=f for front

caster, and i=r for rear caster).

At the contact patch of each motorized wheel, two kinds of forces are in
action. A tractive force (F“) is generated by the motor. It provides the
driving and steering motion. This force acts in the direction of the wheel
heading. Resistance force Flr and Fzr are caused by the friction and the
deformation of the wheels at the contact patch. It happens in the opposite

direction of the wheel heading (Fig. G.3).

From the external forces described above, the total external forces
along the y-axis and the total moment about the z-axis can be obtained as:
’ ’
= - - +
Ly =F t * th Flf Fzr+ ny F

1 ry

(G.15)
’ ’
M= (F, -F) +(F =-F )1+ (F -F Xk

where the 1 is the wheel-span of the vehicle, and k is the wheel-base.
Substituting equations (G.14) by (G.15), the equations of motion of the AGV

body are obtained as:
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. ' ’
mV =F +F -F -F +F +F
y 1t 2t if 2f fy ry
(G.16)

lz-ﬂz = (FZt - Fu)l + (F” - sz) 1+ (Frx - fo)k

G.4.3 Equations of Motion for the Casters

The casters have 3 d-o-f motion: the translation along x and y axis, and
the rotation about z axis corresponding to the body-centered system at the
AGV body. As shown in Fig. \3.4, a caster moves by following the pivot-point
{the center of the axle which moves with the AGV body) and a rotation about

the pivot-point.

Consider the case of the caster at the front, a system x.yz which is
parallel to the system at AGV body is located in the center of mass of the
front caster (xryrzr for the rear caster). The center of mass is usually
located somewhere between the center of the caster and pivot point. Let 4 be
the distance between the origin of the system and the pivot point. Let the
linear velocities along X, and Y, be fo, Vyr' and the angular velocity of
the caster about z, be éf. The equations of motion of the front caster is

derived from equation (G.12):

XX = m(V - 6f~Vyf)
):Yf = mf(Vyf + af-fo) (G.17)
z‘Nf = szaf

where mf is the mass of the caster, and sz is the moment of inertia of the

caster about z . zxf is the total force along X )'_‘Yr is the total force
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along the Yo and the ):Nf is the total moment about the z, axis.

Similarly at the rear caster, let the linear velocities along X and y,

be er. Vyr. and the angular velocity of the caster about z be ar. The

equations of motion of rear caster are:

zxr = ml_(Vxr - 8r-Vyr)
LY, = m(V +8-V) (G.18)
ZNI" = Izrar

where m is the mass of the front caster, and the lzr is the moment of
inertia of the front caster about z_ ):xr is the total force along x , }:Yr is
the total force along the Yo and the ZNr is the total moment about the zr

axis.

G.4.4 Forces Acting on the Casters
The forces on the caster act at
e the pivot point which is connected to the AGV body through the pivot
axle.
e the contact patch between the caster and floor.
The reaction between the caster and the AGV body at pivot point is in

three components and are,

’

N”: the normal reaction from the AGV body to the front caster;

’

Frx: the reaction force at xf direction;

’
ny: the reaction force at Y, direction.

Similarly for the rear caster,

’

er: the normal reaction from the AGV body to the front caster;
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’
Fxr: the reaction force at xr direction;

’
Fyr: the reaction force at A direction.

Friction forces act at the contact patch between the caster and the
floor. In the case of the front caster, the patch has two degrees of motion
at the level plane. The linear velocity at the contact patch is presented by
two velocity vectors, pr fs the vector along the direction of the caster
heading, and the vector va is the vector vertical to it. When the direction
of the caster heading is parallel to the velocity of pivot point, va is
zero, and there will be no lateral friction along this direction. Otherwise
friction an occurs in the direction against Vrv vector. The rolling

friction F" lies in the opposite direction of Vrp.
The angle between Y, axis and the caster heading is defined as 8‘_, the

positive sign of the angle is defined as the clockwise. (Fig. G.4). The angle

between the Y, axis and force an is presented by Bf. and
Br = af + /2 (G.19)
Thus, for the caster:

X, =-F, sm(af) - F *+F sm(Bf)

Y, =-F., cos(6r) + F_ cos(Bf) - ny » (G.20)

IN F.d-8+I[F cos(s ) - l"yf sin(3 ))-4

/
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Substituting equations (G.20) into (G.17), the equations of motion of

front caster are:

mr(fo- 6{-Vyf) = - F" sin(&f) - fo+ an sin(Bf) (G.21a)
mf(Vyf+ 5,'fo) = - F" cos(af) + Ffn cos(Bt) - ny (G.21b)
Ifz 6f= an'(d - 4) + [Fxf cos(&f) - Fyf sin(Gf)]‘A (G.2lc)

For the rear caster, the equations of motion can be obtained similarly

as:

. . ’
m((V -8V )=-F sin(d)-F +F sin(B) (G.22a)
r xr r yr rf r rx rn r

m(V +38:V )=-F cos(6)+F cos(B)-F (G.22b)
r yr r xr rf r rn r ry

.. ’ ’

I 8=zF +«(d-48)+[F cos{8)-F sin(é}]l-A (G.22¢)

rz r rn xr r yr r

The mass of caster is considered to be negligible in this analysis.
mr=mr=0. The left hand of (G.2la, b), and (G.22a, b) are all zero. Therefore

the reaction forces between these bodies are as follows

_ ) . 1
ex = F”sm(ar) + ansm(Bf)
= -F cos(8 ) + F_cos(B)
:‘y ff f fn f § (G.23)
F = -F sin(8) + F sin(8)
rx rf r rn r
F = ~F cos(8) +F cos(B)
ry rf r rn r J

Substitute equations(G.23) into (G.2lc)
) ! ,
lrz af = Fm(d - A) + [Fxr cos(sf) - Fyf sm(&f)]d.\
= an(d - A) + [- F"sm(af)cos(af) + Fm sm(Bf)cos(«Sf)
+ F" cos(af)sm(af) - Fm cos(Br)sm(ér)bA

Thus

lfz Sr = an(d - A) + Fm[sin(Bf)cos(oSf) - cos(Bf)sin(ar)]'A (G.24)
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Substituting the equation (G.19) into (G.25) becomes

Ifz 5f = Frn(d - 48) + Frn[cos(ar)cos(af) + sin(af)sin(af)]-A

= Fm(d - 4) + FmA

;S' =F -d (G.25)

Similarly to the rear caster, the equation for the rotation about z
axis is

1 8 =F «d (G.26)

G.5 Equation of Motion of the AGV

I}
Substituting the reaction forces F_, F , F , and F of equations
fx fy rx ry

(G.23) into equations (G.16), the motion equations of the AGV main body can

be obtained in terms of all the external forces acting on the vehicle.

mV+Q-V)=F +F -F -F ~-F cos(d )+
y z % 1t 2t 1 2f £ £

F‘f cos(Bf) - F ] cos{(d8 ) + F cos{(B )
n r r rn r ¢ (G.27)

1Q = (F, -F ) +(F ~-F, ) +(F sin@)-

F” sm(ar) - an sm(Bf) + F" sm(&f))-k )

Where 5,- Gr may be determined by the following equations.
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fz £ fn (G.28)

And the angles Br and Br are calculated by

™
]

6,- + n/2
(G.29)

N
]

3 + n/2
r

For a base reference system which is shown in Fig. G.5, the coordinate

of the AGV within it, is presented as

X=X + S [V + cos(e - 90°) + V + cos(8)]dt
[¢] V] x y

Y=V + [V +sin(e - 90°) + V + sin(0)ldt ' (G.30)
[¢] 0 x x

@
1l
(=]
(-]

+
C-—,
o =

Q dt
z

G.6 Formulation of External Forces

To generate analytical formulae to those external forces of vehicle may
be the most difficult work for the dynamic modeling. As it was mentioned
before, many external forces are dependent on the characteristics of wheels
and floor. The formulae for these forces varies according to the wheels. All
the external forces contributing in the motion equation of CONCIC-2 AGV are
in three categories: tractive forces, lateral forces (cornering force and
side-friction), rolling resistance. The following sections will give a

detailed investigation of these three forces.
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G.6.1 Tractive force
G.6.1.1 Formulation of tractive force

According to the configuration of differential drive-steering, the whole
effort of the motion is provided by the forces between the two driving wheels
and the working surface. The tractive force is the force which the motor can
provide to the vehicle. And it is the only force which depends on the motor

characteristic, but not the characteristics of the wheel and the floor.

The dc motor in the motor-wheel unit is a permanent magnet dc motor.
From the torque-current curve of the motor supplied by the manufacturer the

torque generated by the motor Tg can be calculated in the following formula:
T = ktl (G.31)
Where 1 is the motor current, and kt is defined as torque constant.

Fig. G.6 gives a motor and load system. Where J is the moment of inertia
of motor referred to the motor shaft (with the wheel as the load in the case
of CONCIC-2), D is viscous damping factor, Tf is the static friction torque,
Tnn is the load torque from the motor shaft, and 6 is the angular displacement

of the motor rotation.

The dynamic equation of this system is written as

d“e de
2 +Ddt

+T +T (G.32)
f m

420



Substituting T‘ in equation (G.31) into equation (G.32)

2
_ _ ., d%@ __ de
T =k 1-1 o DT, (G.33)

The torque transferred to the wheel from the motor shaft is

Where, n is gear

nT )
F =T /r = -
t t r,
} (G.34)
2
=" (x1-g-9¢ _pd _r,
r t 2 dt f
d d't J

Where rd is the radius of the motorized wheel.

G.6.1.2 Tractive forces of CONCIC-2 AGV

For CONCIC-2 AGV, the tractive forces at the left motorized wheel

(wheel 1) is obtained from equation (G.34)

2
n d el de

F =—L (k1 -1
it r 1

1
-D ——-T.)
1 t1 1 dzt 1 dt 1f

Where n is the gear ratio, L the radius of the wheel, J the moment of

inertia of the motor and wheel about the motor shaft, D is the viscous
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damping factor, and the T"_ is the friction torque for the left motor-wheel

unit.

Similarly for the right wheel (wheel 2), the tractive force is

2
n de de
2 2

—— (k ] - J - D —————
T 2t 2 dzt 2 dt 2f

F
2t

Where n, r., k, J, D, and T are defined as same as above, but for
2" T2d" et T2 T2 2f

wheel 2.

Since the two motor-wheel units are assumed to have the same

characteristics. Let

n = n =n
1 2
Ta=Ta™ Ty
kn = kzt = kt'
Jx = Jz = J;
Tlf = Tzr = Tf
Therefore
2 \
n d 9, del
=—1(k I -J -D -T)
it rd t 1 d:t dt f
4 (G.35)
de doe
n 2 2
F =—(k I -1 -D -T)
2t rd t 2 dzt dt f )
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Let Vl and V2 be the linear velocity at the contact point of motorized
wheel 1 and wheel 2. Then
del \%

=n (i = 1,2) (G.36)
dt r

The accelerations are

2
de ndVl
- = (G.37)
dt r dt
d
From the geometry of the vehicle
V1 =V -19Q
Y z (G.38)
V.=V +1Q
2 y z
Where | is the one half the wheel-span of CONCIC-2 AGV. Then
2 3
d 8 n .- .
T = (Vy- le)
dt d | (G.39)
dze2 L .
s = % (V + le)
dt d y )

Substituting equations (G.39)and (G.38) into (G.35), the tractive force of

are
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Jn Dn

n . .
F,.= F; (k1 - r (Vy -1) - ) (Vy -19) T
(G.40)
_n _ _dn o y _ __Dn -
Fo = F; (kI T (Vy +12) T (Vy +102) T]

G.6.2 Rolling resistance
A perfect solid wheel has a point-contact with the hard floor at any
given instant. The contact point has no relative motion with respect to the
floor, the wheel eliminates the large friction which would arise if the load
were in direct contact with the ground. In practice, however, it is not
always the case. The contact of the wheel with the floor is rather a patch
than a point because of the deformation at the wheel and the floor. Some
resistance to the motion of the wheel exits. This resistance has two distinct
causes. It is due
(1) to the fact that the wheel and ground may deform, with the
result that the contact between wheel and ground takes place
not at a single point, but over a certain patch,

(2) to a combined effect of bearing friction.

The rolling resistance is the friction caused by the second reason.

Rolling resistance is a force highly dependent upon the characteristics

of the wheel and the condition of the floor. For a wheel with a rubber or

pneumatic tire, the rolling resistance of tires on hard floor is primarily

caused by the hysteresis in tire material due to the deflection of the
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carcass while rolling. Friction between the tire and the road caused by
sliding, the resistance due to air circulating inside the tire In the case of
pneumatic tire, and the fan effect of the rotating tire on the outside air
also contribute to the rolling resistance of the tire, but they are secondary
importance. For a solid wheel on a hard and smooth f loor, the rolling
resistance is caused by the displacement of the point of instantaneous

rolling of the wheel because of the deformation of the wheel and the floor.

The ratio of the rolling resistance and the downward force at the wheel

is usually defined as the coefficient of rolling resistance kr.

The following gives more details for the three different types of wheels on

the hard floor.

G.6.2.1 Rolling resistance of CONCIC-2 AGV
The case for CONCIC-2 AGV is that four hard rubber wheels run on a hard,
smooth concrete surface. Referring to the discussion above, the coefficients

of rolling resistance of the wheels may take the form of

kr = k1(l + k2V) (G.44)

The coefficient of rolling resistance of motorized wheels and casters of
CONCIC-2 are not available from the manufacturer. For this thesis, these
figures are estimated from the knowledge to reduce the deviation between the

simulation and experiment results. As a wheel with hard rubber tire, kl is
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chosen to be the average value as 0.007, and k2 is taken as 0.0l. The value
of kl and kz effects the motor voltage and current of the drive-motor at

steady state. Higher kl and kz required higher current and voltage.

It is assumed that the four wheels of CONCIC-2 AGV have the same
characteristics of rolling resistance, thus the formula of rolling resistance

of the wheels of CONCIC-2 AGV is

F" = 0.007(1 + 0.0IVl)'N‘ (G.45)

And the notations are referred as the definition before.

Substituting Vl and V2 of equation (G.38) into equation (G.45), The

rolling resistance for the motcrized wheels are

)

o=k kV -k )N }| 6469
- . .q)N |
Fp =KL+ RV vk )N

G.6.3 Lateral force

Lateral force is a force which acts perpendicularly to the wheel plane.
It is created when the wheel tends to slip sideways (side-slip) or when the
wheel is steered. The lateral force which is caused by the side-slip is also
called side-friction, and that caused by the steer-action is wusually called
the cornering force. Lateral force is caused by friction and deformation at
the contact patch between the wheel and the floor. Thus, as in the case of

rolling resistance, lateral force also varies with different type of wheels.
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G.6.3.1 Side-friction force

When a vehicle negotiates with a relatively high speed or is subjected
to other side disturbances, a horizontal force Fn is exerted on the wheels to
prevent the vehicle sliding sideways. The force acts at the direction
perpendicular to the wheel plane. When F‘n is smaller than the active force
F‘, the vehicle will slip sideways. This slipping is often experienced in

greasy asphalt and smooth concrete at high speed.

The side-friction depends on the downward force on the wheel and the
coefficient of friction kn between the wheel and the floor. It is calculated

by the following formula:

F =k °N (G.47)

where N is normal reaction at the wheel. The coefficient of friction kn
varies with the material of wheels (or tires), the condition of the floor and

the wheel (or tire), and other factors such as the downward load, etc.

The side-friction affects the lateral stability of the vehicle. For
example, on a hard, smooth, concrete surface, because of the greater
deformation at the contact patch of the pneumatic tire, it provides greater
side-friction than solid tires and hard rubber tires, thus the vehicle
exhibits more lateral stability. But on soft mud roads, the pressure per
square inch on the larger surface of a pneumatic tire in contact with the
ground being much smaller, the tire is unable to force the mud from beneath

it. It has no actual contact with the ground, but floats on a very thin layer
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of mud. the coefficient of friction at this case is very small, a sharp turn

may cause side slip.

G.6.3.2 Cornering force

The cornering force is caused by the steering action of the wheels. In
the case of a solid tire on a hard surface, the cornering force is very small
because of the small contact area (point contact). The resistance of the
steering action is in the form of a small friction moment, and it is

considered to be negligible.

When the plane of a wheel with a pneumatic tiire is steered not to be in
line with the path of motion, a deformation and displacement of the contact
patch occurs which gives a lateral force and a moment which attempt to
realign the wheel in the direction of wheel heading. And the front portion of
the contact patch is parallel to the direction of motion and eventually
slides to the center line of the wheel and at rear portion of the patch. For
a small steering angle, the whole contact patch is substantially parallel to
the direction of rolling, but as the angle increases that portion moves
forward until at an angle of 12° to 15° the whole area is sliding and the
lateral force reaches the maximum. It is seen that the lateral force
increases from the front to the rear of the contact length for some angles,
and the offset of the resultant lateral force produces the aligning torque
about the vertical axis. The offset is called the pneumatic trail, and the
resultant lateral force is defined as cornering force. The product of
cornering force zad pneumatic trail determines the aligning torque. The
aligning torque helps the steered tire return to the original position after

negotiating a turn. At large angles of steer the lateral forces are
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progressively limited by the sliding which occurs at the rear part of the

contact path.

The relationship between the slip angle and the cornering force of
various types of tires under a variety of operation conditions have been
investigated quite extensively. It is seen that for slip angle below certain
value, such as 4°, the cornering force is approximately proportional to the
slip angle. Beyond the angle, the cornering force increases at a lower rate
and reaches the maximum value where the tire begins sliding laterally. That

angle (as 4° in the example) is defined as limit-angle in this thesis. In

order to compare the cornering behavior of different tires, a paramecter
called cornering stiffne<s Ca is used, which is defined as the derivative of

the cornering force Fc with respect to the slip angle a.

BFC
Ca T
or
F'c = Ca-a 0 < a < limit-angle (G.48)

A number of factors affect the cornering behavior of pneumatic tires.
The most important are the normal load and the inflation pressure of the

tire. The cornering stiffness is obtained through experimental data.

Rubber tires have properties that lies between the solid wheels and the
wheels with pneumatic tires. When the tire is made of hard rubber, it behaves
like a solid tire with a greater friction. But a softer rubber wunder
relatively more load also exhibits deformation at the contact patch. It has

similar characteristics to a pneumatic tire, and the cornering force can be
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calculated by the formula (G.48).

G.6.3.3 Lateral Forces of CONCIC-2 AGY

The motorized wheels of CONCIC-2 AGV are located in the lateral center
line of the AGV, and the vehicle is steered by varying the velocity of these
two wheels. There are no steering action involved in these two driving
wheels. The cornering force are therefore zero. Since the model assumed no
side-slip at the motorized wheels, side-friction is assumed to balance the

centripetal force at any time.

The casters are located in the longitudinal axis of the vehicle. When
the velocity vector at the pivot point is not align with the wheel plane of
the caster, the pivot point led the caster sideways as well as forward. As
the results, a side-friction acts at the contact patch to prevent side-slip.
The offset of the caster and the side friction results a torque to force the
caster to rotate about the pivot point until its plane is in line with the

velocity vector of the pivot point.

The side-friction of the casters can be calculated by using the formula

(G.47).

=k *N (G.49)

The coefficient of friction of the casters is not available from the
manufacturer for CONCIC-2, it is chosen as 0.0l though the validation of the
model. From the definition of side-friction, the direction of the force is
always oppositely to the trend of side-slip and to align the caster to the

direction of the velocity vector at the pivot point. The positive direction
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of side-friction is defined along the angle Bl. or in other words, the
positive direction of Fn is to have the caster rotate clockwise about the
pivot point (;S > 0). When the angle between the +Y axis and the velocity
vector at pivot point is defined as al, @ is calculated by (G.20) for

CONCIC-2.

- ke )
o = arctan(-——v——)
y
S (G.50)
k-Q
o = arctan(—-———)
r \'
y )

And the difference between the velocity vector of the pivot point and the
caster heading is (oz1 - 61). When (otl - 61) > 0, then F‘ln acts in the
positive direction. Otherwise, Fm acts in the negative direction when (a:l
-61) < 0. In the case of (a‘ - 61) = 0, there is no side-friction on the
caster since the caster is in line with the velocity vector of the pivot
point. Thus the sign of the lateral force is calculated by the following
formula:

- k-0
z

arctan(————‘Ty———) -8, (G.51)

Where k is the wheel-base of the CONCIC-2 vehicle.

Hence the formula of the side-friction of casters of CONCIC-2 AGV is

written as
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- kQ
. z
F_ = kn-Nf-sxgn[arctan(——v——) (-Gf)]
y S (G.52)
k-Q
F =k 'N -signlarctan(———2—1) (-3 )]
rn n r Vy r )

G.6.4 Equations of Motion of AGY with Formulated Forces

The external forces on the motorized wheels are summarized in the

follows:
s v -12) - 22w -10)-T]
d a 7 z a 7Y
_n Jn ¢ . Dn _
sz - F;[ktlz T, (vy + 10 ; r, (Vy * le) Tf] (G.53)
=k(l+k V -k Q)N |
1f 1 2y 2 2 1 '
F =

k(l+k V +k+ Q)N |
2f 1 2 vy 2 3 2

Where kl = 0.007, k2 = 0.0l.

Substituting the above equations into equations (G.27), the equations of

motion of the AGV body are
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2n’y nkt 2n%D ’
(m+ A (1 +1 ) - (————+2kk NIV -2kN
2 y 1 2 2 1 24d vy 1 d
r r r
d d d
- Fff cos(Gf) + an cos(Br) - F‘l_f cos(ar) + Frncos(Br)
+(G.54)
2,2 . l'n-k 2
2n°] _ t 2n°D 2
(Iz+ -——2_ )Qz = (12 - Il) - (——2— + Zklksz)l Qz
r r r
d d d
+k-[F‘rn sm(Br)- Frr sm(ar) - an sm(Bf) + F” s:n(Sr)l )
The external forces acting on the casters are:
3
- k-nz
an = kn-Nf-sxgnlarctan( v ) (-6{)]
y
- k'Q
F =k N -signlarctan(———2—) (-8 ) ] [ (G.55)
rn n r \Y r
y
= kx“ + kzvrp)-Nf
Frf = k1(l + kzvrp)'Nr J

Substituting the above forces into the equations (G.28), the equations of

motion of casters are:

" - keQ )
1.6 = km-Nf d-sxgn[arctan(————-‘-/————) (-6{)1
y
>
.. - k-Q
18 =k N 'd~sign[arctan(-———-‘7—z—-—) (-8 )]
rzr n r vy r J

Where kl = 0.007, kz = 0.0], and kn = 0.0l
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The angles Bf and ﬁr are calculated from

B =8 +90°
rf (G.57)

(]
Br=6r+90
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