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For my late friend, Philip Lloyd.

"The best worker is the cheapest. The one whose needs are the smallest. Young Rossum
invented a worker with the minimum amount of requirements. He had to simplify him. He
rejected everything that did not contribute directly to the progress of work. In this way he
rejected everything that makes man more expensive. In fact, he rejected man and made

the Robot."
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Abstract

This thesis describes the development of and testing of a prototype flexible robot control
system, and its application in controlling a manipulator arm used on a subsea remotely
operated vehicle (ROV). With flexible control, the robot can be reconfigured in terms of

its physical structure and drive mechanisms in order to perform a particular task. This
requires a generic robot control system with a flexible architecture which can be
configured to match the setup of the robot. This has been achieved at Liverpool by
creating a modular control system architecture. With this method, a range of control
hardware and software modules has been created for interfacing to a robot arm and
coordinating its motions. The modules communicate using standard interface protocols
and can be combined as required to produce a full control system. Their designs are based
on using the parallel processing capabilities of the Inmos transputer and its Occam
programming language.

Two robot arms were specially designed and constructed to demonstrate the flexibility of

the control system for both land based and subsea applications. The system was tested
successfully on both arms.

The first was a simple three axis arm which was designed for testing the system in the
laboratory. This arm duplicated the movement functions of the first three axes of a typical
industrial robot. Its mechanical structure and drive mechanisms were demountable and
could be set up in a number of different configurations. Positioning accuracy results were
taken with different combinations of geometry, drive mechanisms and encoders.

In the second case, the flexible control system was used in an underwater application to
control a multi-segment ROV manipulator arm. This involved the design and construction
of a modular manipulator arm at Liverpool. A modular arm could have different
configurations of joints, arm sections and tools to perform a variety of tasks. This would
allow the ROV to intervene in locations which existing commercially available ROV arms
could not access. Experiments verified the successful control of this arm.
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1. Chapter 1 - Introduction

Robots and automatic manipulation systems are used throughout the industrialised world
in a wide variety of applications. This thesis describes the development and testing of a
prototype flexible robot control system at Liverpool. The main objective was to develop a
control system with a flexible architecture which could be set up to match a particular
robot arm's geometry and drive mechanisms. This facility would allow the robot itselt to
be repeatedly physically reconfigured as required to perform new tasks. It is not found n
existing commercial robot systems, which are usually shipped as a combination of a fixed-
configuration robot arm and a dedicated controller.

The problem of controlling a robot can be divided into two sections; task decoding and
joint control. This division is reflected in most robot control systems, which typically
comprise a hierarchy of two subsystems; a task decoder and the robot arm joint control
system, Task decoding involves translating a high level robot command! such as "move
10cm forwards" into a series of commands for the robot's joints2, These commands are
then sent to the joint control system which moves the joints accordingly, thus causing the
desired robot motion to be produced. The Liverpool flexible control system was
developed in two separate projects; one for the task decoder and the other for the joint
control system. The two systems were integrated using a specially developed
communications protocol. The development of the task decoder was undertaken by

Tarchanidis [1], and the development of the joint control system is the main subject of this
thesis.

Task decoder

Task decoding is a fundamental aspect of robot control and is concerned with the
geometry of a robot. Within the field of task decoding there are two levels of control with
different complexities; position control and continuous path control. At the simplest level,
position control involves calculating a set of joint angles, or ‘offsets’, which will place the
end effector in a desired position as specified by a command such as "move to point

XYZ." This is used when the actual path the end effector follows en route to its
destination is unimportant.

An extension of this is continuous path control, which would be used to process a
command such as "move 5 cm along the Z axis.” In this case, it is not sufficient to simply
calculate a set of joint offsets for the point at the end of the path and send them to the
joint control system, as the resulting end effector path would be unpredictable. Instead,
the path is split into a series of closely spaced points, called 'via points', and the end

Robot commands almost always refer o the robot's end effector, i.e. the tool at the end of the robot arm which is used to perform the
task.

Any robot arm can be considered as comprising a series of mechanical sections, or ‘links', interconnected by joints. The joints are
powered by actuator drives and are the source of the robot's motion.

Flexible robot control Andrew Stuart Mackay



Chapter 1 - Introduction Page - 2

effector is moved to each one in turn using the position control procedure. Continuous
path control may also be extended to controlling the precise velocity of the end effector,
but this is beyond the scope of this project. The Liverpool flexible control system was

initially developed to provide position control, with the idea that it could be extended later
to include continuous path control. .

The traditional method of task decoding uses the inverse kinematic or 'closed form
solution. With this method, the geometry of the robot arm is analysed using a largely
intuitive procedure and an offset solution for is produced for each joint. The solution
specifies the offset required in the joint for a desired end effector position. They take the
form of nonlinear equations with constants and variables derived from the geometry of the
robot arm. These solution equations form the basis of the task decoder, which is usually
implemented as a piece of computer software.

From a flexible control point of view, the closed form solution has one major drawback:
the existing equations become invalid if the robot arm is physically modified. In this case a
new set of equations must be calculated, and this can take an experienced robot designer
several hours. Thus, the closed form solution was not suitable for use in the Liverpool

flexible control system, which was intended to offer the facility to frequently modify the
robot under control.

An alternative was found, based on a successive approximation (or iterative) method
which used a Newton-Raphson differentiation procedure. This iterative method 1is
described in broad detail in section 2.7.2, and was capable of providing joint offset
solutions for any robot arm configuration. The iterative method required only a
description of the robot's geometry in terms of two simple parameters for each of its arm

links. Thus, a completely flexible task decoder was created which could easily be
configured to match a particular robot.

Joint controllers

The second component of a robot controller is the joint control system. This moves the
robot arm joints in accordance with the commands sent down from the task decoder, in
order to produce the desired robot motion. Each joint is controlled using a feedback loop
which comprises a joint offset encoder, a compensator and the joint actuator drive. The
loop's operation can be summarised as follows. The input to the loop is the desired
position or offset. This is compared with the present value, which is measured using the

joint encoder, to produce an error signal proportional to the difference between the
desired and actual values. The error signal is then passed to the compensator which

calculates the actuator output required to reduce the error. Finally, the compensator
output 1s fed to the actuator's drive amplifier in order to move the joint.

A typical joint control system comprises a fixed number of joint controllers - one for each
joint, Usually, each joint controller is a dedicated microprocessor circuit with hardware
interfaces to the joint encoder and actuator drive. This setup is not very flexible, as it
offers no facility to change the number of joint controllers or use different types of
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encoders and drives. Thus, an alternative joint controller architecture was required for the
Liverpool flexible control system.

This was achieved by creating a modular architecture where each joint controller
comprised three separate modules; an encoder interface, a drive interface and a
controlling compensator. The modules operated independently and communicated using a
set of standard interface protocols. This allowed a joint controller to be configured to

match its designated joint by combining a compensator and the appropriate encoder and
drive interfaces as required.

The modular architecture of joint controllers was achieved by using the Inmos transputer
and the Occam programming language as the basis for the joint control system. The
transputer 1s a special microprocessor which was designed from the outset to support
parallel processing architectures. It contains all the elements of a complete computer; a
central processing unit, memory and four communications links for connecting it to other
transputers or external hardware. Transputer links were used as a means of
interconnecting the joint controller modules, and the Occam programming language was
used to implement the standard module interfaces as software channels.

Preview of chapters

The remainder of this thesis is divided into six chapters which describe the development

and testing of the Liverpool flexible control system in chronological order. The contents
of each chapter can be summarised as follows.

Chapter 2 - Robots and Robot Control Systems

Chapter 2 provides an introduction to robots and their control systems in order to
familianise the reader with both the subject of robotics in general and the technical terms
used later 1n this thesis. The definition of a robot and the evolution of industrial robots are
described in the first two sections. The various reasons for using robots are then discussed
along with some common industrial robot applications and the capabilities required for
each application. Section 2.5 outlines the methods of classifying robots and section 2.6
describes the operation of a typical robot control system in broad detail. Readers with

experience in robotics may skip sections 2.1 to 2.6 as they will already be familiar with the
material presented.

Finally, section 2.7 introduces the concept of flexible robot control, and lists the facilities
a flexible robot control system must offer which are not offered by a typical commercial
robot's control system. The limited amount of previous research on flexible control is then

discussed, and finally the flexible control research undertaken at Liverpool is summarised
as a prelude to the next chapter.

Chapter 3 - The Flexible Control System

This chapter describes the development of a flexible joint control system as one part of the
Liverpool flexible control system. Section 3.1 discusses the system architecture in detail,
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explaining how the system was designed as a series of modules which could be
interconnected to form joint controllers. The method of linking the modules together
using standard interface protocols is also described. A description of the hardware and
software components of each system module is then given section 3.2. Finally, section 3.3
describes how joint controllers could be networked together and how they communicated
with the other system component - the flexible task decoder.

Chapter 4 - The Test Arm

Chapter 4 describes a small experimental robot arm, the test arm, which was developed at
Liverpool as an apparatus for testing the flexible control system. The test arm's link
geometry and joint actuators could be set up in a number of different configurations.
Section 4.1 discusses the physical construction of the test arm, and section 4.2 describes
how the flexible control system was set up to match different test arm configurations.

Finally, section 4.3 describes a series of experiments in which the performance of the
flexible control system was measured using the test arm.

Chapter 5 - The ROV Arm

At this stage of the project a prototype flexible robot control system had been developed
and tested on a small experimental arm. The test arm experiments were sufficient to prove
that all of the system components were working correctly, and that the system could be
configured as required to match the setup of a particular robot. However, it was also

desirable to prove that the flexible control system could be used in a full application
outside the laboratory.

A suitable application was found - the control of a manipulator arm used on an
underwater remote-operated vehicle (ROV). ROVs are used in offshore projects as
substitutes for human divers, who are often exposed to extreme danger while working on
underwater structures such as oil rigs or shipwrecks. A research project has recently been
undertaken by five European organisations, including Liverpool, to develop a range of
advanced ROV control systems. One of the proposed systems is a general purpose
manipulator control system which allows a variety of different manipulator arms to be
attached to an ROV. This system should also allow a manipulator arm to be configured as

required with different joints and tools. This was an ideal application for the Liverpool
flexible control system.

In order to demonstrate the system's potential in this application an underwater
manipulator arm was developed at Liverpool. This ROV arm was designed as a series of
modules which could be interconnected as required to produce a manipulator with the
desired working envelope. Chapter 5 describes the development and testing of the ROV
arm in detail. Section 5.1 provides an introduction to ROVs and ROV manipulator arms,
and discusses the MAST ROV research project which has been undertaken at Liverpool.
Section 5.2 then discusses the physical construction of the Liverpool ROV arm, and
section 5.3 describes how the flexible control system was set up to match one of the ROV
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arm configurations. Finally, section 5.4 describes a series of experiments which measured
the performance of the ROV arm and the manipulator control system.

Chapter 6 - Results

Chapter 6 presents the results from the test arm and ROV arm experiments and discusses
some of their implications. The first results were obtained from timing experiments
performed on the control system3, and these are given in section 6.1. The results from the
test arm experiments are then given in sections 6.2 to 6.4, and those from the ROV arm
experiments in sections 6.5 to 6.7. Finally, all of the numerical results obtained from the

various experiments are presented in tables 6.1 to 6.13, and some of these are also shown
graphically in figures 6.1 to 6.11 at the end of the chapter.

Chapter 7 - Conclusions and Future Work

Chapter 7 summarises the achievements of the project and draws some comparisons
between the Liverpool flexible control system and the controllers supplied with typical
commercial robots. The cost of the Liverpool system is also analysed, as this is always an
important consideration. Finally, several proposals are made as to how the system could

be improved and extended in the future, and some potential applications for the system
are identified.

e

3 These are described at the end of chapter 3.
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2. Chapter 2 - Robots and Robot Control Systems

This chapter provides an introduction to robots and their control systems and discusses
the concept of flexible robot control. The definition of a robot and the evolution of
industrial robots are described in the first two sections. The various reasons for using
robots are then discussed along with some common industrial robot applications and the
capabilities required for each application. Section 2.5 outlines the methods of classifying
robots and section 2.6 describes the operation of robot control systems in broad detail.
Finally, section 2.7 introduces the concept of flexible robot control, lists the requirements
of a flexible robot control system and discusses the flexible control research undertaken at

Liverpool. Readers with experience in robotics may not wish to read sections 2.1 to 2.6 as
they will already be familiar with the material presented.

2.1 Definition of a robot

Most people know what a robot is, and would be able to identify a piece of machinery like
the one shown in plate 2.1 as a robot. However, producing a formal definition of an
industrial robot has historically proved to be a difficult task, owing to the diversity of
robots available. Schraft (2] indicates that a rapid worldwide growth in the number of
robot manufacturers during the early 1970's had resulted in the availability of over 200
different robot models by 1975. The existence of such a diverse range made it practically
impossible to define a robot on the basis of its physical characteristics alone.

Consequently, the emphasis was placed on drawing a distinction between robots and other
types of factory or hard automation. The fundamental difference between the two is that
robots are programmed to do a particular task and can thus be switched from one

operation to another. Conversely, hard automation machines are physically constructed to
do a particular task and are thus less versatile than robots.

2.1.1 Definitions adopted by industry

The USA and Japan are the world's leading users of robots [3). In the USA, the use of
industrial robots is fostered by the Robot Institute of America (RIA), a division of the
Society of Manufacturing Engineers. The RIA's British and Japanese counterparts are the
British Robot Association (BRA) and the Japan Industrial Robot Industry Association

(JIRIA) respectively. Miller [4] and Scott [5] discuss the definitions of an industrial robot
adopted by these organisations.

2.1.1.1 Robot Institute of America
In 1979, the RIA produced a definition which was decided by member ballot:

"A robot is a reprogrammable multi-functional manipulator designed to move

materials, parts, tools, or specialised devices, through variable programmed motions
for the performance of a variety of tasks."
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The RIA definition emphasises the programmability feature of a robot. It also excludes a
class of highly sophisticated manipulator arms which are used underwater in offshore
applications for moving objects or manipulating tools. These arms are worked by a human
operator using a teleoperation system, rather than being independently programmable.

This particular robot application is an important part of the work presented in this thesis,
and it is discussed at length in chapter 5.

2.1.1.2 British Robot Association
The BRA uses a definition which is very similar to that used by the RIA:

"A robot is a reprogrammable device designed to both manipulate and transport
parts, tools or specialised manufacturing implements through variable programmed
motions for the performance of specific manufacturing tasks."

2.1.1.3 Japan Industrial Robot Industry Association

Instead of attempting to produce a single definition which would encompass all types of
robot, the JIRIA has prepared a list of six different definitions which classifies robots by
their method of programming or information input. Of the six classes, the definition of
class 3, variable sequence robots, most closely resembles the RIA and BRA definitions:

"A manipulator which repetitively performs successive steps of a given operation

according to a predetermined sequence, condition and position, and whose set
information can be easily changed."

This definition also forms the basis of the remaining JRA classes, 4, 5 and 6, which simply
identify robots with particular features of interest. The RIA's definition perhaps offers the
best description of the robot systems developed during this project.

2.2 The evolution and development of industrial robots

The word "robot” was first used in 1921 by the Czechoslovakian author Karel Capek in a

satirical play entitled "Rossum's Universal Robots" {6]. The term robot is derived from
the Czech word robota, which means "forced labour."

The concept of intelligent robots which could follow human instructions was devised in
the 1940's by the science fiction writers Isaac Asimov and John Campbell. Robots were
subsequently popularised by Asimov's numerous novels as labour saving devices which
did not present a threat to humans. Asimov's "Three Laws of Robotics" [7], which

emphasised the importance of safety when using robots, still provide useful guidelines for
modern robot designers.

2.2.1 Teleoperators and NC machines

The evolution of industrial robots can be traced back to the 1940's and 1950's, at which

time teleoperation systems and numerically controlled machine tools first appeared.
During World War 11, teleoperation systems were developed to enable the safe, remote
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handling of explosive or radioactive materials. These teleoperators comprised two
mechanical, multiple axis manipulators which were connected in a configuration known as
"master-slave” (Vertut [8]). With this system, a human operator moved the master

manipulator by hand and the slave, which was in contact with the hazardous material,
duplicated its movements.

Dorf [9] describes how numerically controlled (NC) machine tools were developed in the
early 1950's to enable the precise machining of aircraft parts!. NC machines employed the
new technologies of feedback control system design and digital computation. The NC
controller could be programmed with a machining task by means of a coded punched

card. The task was then performed automatically by the machine without the intervention
of a human operator.

2.2.2 The first industrial robots

Industrial robots essentially evolved from combining the techniques of teleoperation and
NC control to produce a device with the manipulative capabilities of a teleoperator and
the reprogrammability feature of an NC machine. The first industrial robot was developed

during the late 1950's by an American firm, Unimation2, at its factory in Danbury,
Connecticut.

Although the prototype Unimate proved a success, the growth of the robot industry in the
USA and Europe was hampered during the 1960's by the high cost of purchasing and
operating a robot in comparison with the wages of human workers. Wolovich [10] points
out that in 1960, the hourly cost of operating the prototype Unimate was double the
hourly wage of a human worker. However, rising wage prices in the mid 1960's reduced
the comparative cost of using a robot, and Bublick [11] suggests that other factors such as
decreasing productivity, stringent safety regulations and an increasingly competitive
market made the idea of using robots more attractive to manufacturing firms.

2.2.3 Microprocessor controlled robots

The development of the microprocessor in the late 1960's instigated a rapid increase in the
development and use of industrial robots. The very early robots such as the prototype

Unimate had outstanding versatility in comparison with other types of factory automation.
However, the use of microprocessors in robot control systems provided robots with more
"intelligence™ and the ability to perform highly complex tasks.

During the late 1960's an established manufacturer of NC machines, Cincinnati Milacron,

started developing prototype robots with microprocessor based controllers. The result
was the arrival in 1974 of the versatile Cincinnati T3, the world's first microprocessor

! The demand for these paris was created by the United States Air Force, which was procuring advanced aircraft with parts which were

required to be machined instead of riveted.

2 Unimation, founded in 1956 by Josef F. Engelberger, are universally regarded as the pioneers of industrial robots.
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controlled robot. Shortly thereafter, computer controlled robots were also announced in
Sweden by ASEA, and in the USA by Unimation, Prab Conveyors, DeVilbiss/Trallfa,
Binks Manufacturing, Nordson Corporation and Thermwood Machinery.

In the late 1970's, Unimation developed an advanced computer controlled robot, the
Programmable Universal Manipulator for Assembly (PUMA), in cooperation with the
research department of General Motors. The PUMA was designed primarily for use as an
assembly robot. It was compact, light weight and could potentially work alongside
humans on an assembly line. Technical Insights [12] suggest that the largest potential

market for robots is in small product assembly, and the PUMA was the first robot
designed specifically for this task.

2.2.4 Robots with sensory perception

When robots were first being introduced into industry during the 1960's and 1970's, their
lack of sensory perception imposed a major constraint on the types of task they could
perform. This was because, without the powers of sight and touch, a robot could not
"know" the locations of objects around it. As a consequence, parts had to be presented to
the robot in a precise position and orientation by automatic parts feeders. These were

often expensive and complicated machines and thus significantly increased the cost of
installing and using a robot.

In an attempt to give robots increased versatility, a substantial amount of research and
development work has been undertaken to develop artificial sensory systems. The most

intensive work was performed on vision and tactile sensors, and these are described in
detail by Hunt [13] and Fu, Gonzalez and Lee [14].

2.2.4.1 Vision sensors

Vision sensors are used for seeing what is around a robot. A vision sensor is implemented
by scanning the area around the robot with a solid state CCD camera, and loading the
image from the camera into a fame store. The image data is then processed and
interpreted by a computer, which extracts useful information about the objects in the

robot's work area. The combination of camera, frame store and computer 1s known as a
vision system.

Vision sensors were initially thought to be too slow and inaccurate to be used successfully
in a production process, but recent research has shown that high speed vision sensors can
be developed which allow position information to be determined in real time? (Chambers
[15]). Vision sensors sometimes incorporate laser or acoustic range sensors, which can
determine the distance from the camera to the point it is viewing (Bakos [16]). This extra
information is useful when guiding the robot to pick up or contact an object.

3 Real time performance means that the rest of the system is not slowed by waiting for the vision sensor to produce the desired
information.
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2.2.4.2 Tactile sensors

Tactile sensors are used to detect contact between the robot and its work, or to determine
the amount of force that the robot is exerting on an object. Contact sensors can be based
on simple switches, and force sensors usually comprise a set of strain gauges which
measures the direction and magnitude of a force or torque.

2.2.5 The robot industry in Japan

In the 1960's, the high cost of using robots in comparison with human labour impeded the
development of the robot industry in the USA and Europe. At this time, however,
Japanese industries and government agencies recognised the productivity potential of
robots. In the early 1970's, the Japanese government launched a series of incentives
designed to encourage the use of robots in industry. As a consequence, Japan rapidly
overtook the USA during the 1970's as the world's leading user of robots. Sadamoto [17]
indicates that by 1980 there were an estimated 135 robot manufacturers in Japan
compared with a combined total of 40 to 50 in the USA and Western Europe.

2.3 Reasons for using robots

There are a number of factors which make the use of robots attractive to industry. One of
the most important is the fact that robots can work in hazardous environments, which are
covered by strict health and safety regulations in almost all industrial nations. In addition,

robots can help to improve productivity and can offset the economic effects of rising
wage rates.

2.3.1 Compliance with health and safety regulations

Robots can work in severe heat or cold, do not always require light to see by and are
immune to high noise levels. Robots are also unaffected by the dangerous airborne
particulates often found in applications such as welding and spray painting, so less
ventilation equipment can be used than would normally be required for human workers.
Finally, when machine tools are being loaded and unloaded, a comprehensive range of

guards and interlocks is used to protect workers, but these are not required when a robot
performs this task.

2.3.2 Rising wage rates

A large capital investment is required to purchase and install a robot, perhaps equal to the
combined annual salaries of several manual workers. However, once it is installed and

running a robot can work 24 hours per day, usually requires very little maintenance and
has an hourly running cost which is a fraction of the hourly manual wage. Behuniak [18]
indicates that with this combination of economic factors, a robot will usually pay for itself

on a return on investment basis within three years. The average industrial robot has a
working lifetime of at least six years, so the initial expenditure on a robot can often be
justified as an investment to reduce long term production costs.
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2.3.3 Productivity benefits.

Any industrial company operating in a competitive market is keen to increase itS own
productivity, as this enhances its ability to compete with rival firms. In simple repetitive
tasks, which are the most common robot application, robots have proved to be more
productive than human workers. Even though robots do not necessarily work faster than
humans, they do work relentlessly for three shifts per day and do not require lunch breaks
or rest stops. As a consequence, the active production time of a robot 1s greater, and this
directly increases productivity.

2.4 Applications for robots

Robots are far less versatile than human workers, as humans have greater motion
flexibility and possess complex decision making abilities which cannot be artificially
imparted to robots. Consequently, there are far fewer applications for robots than for
manual labour. Robots have mostly been used to perform basic repetitive manual tasks
which do not require human intuition, although it is possible to equip robots with sensory

systems and powerful computer controllers which allow a limited degree of decision
making.

Tanner [19] and Miller [20] discuss the various applications for robots in industry. There

are four main applications groups which can be identified; materials handling, welding,
finishing and assembly.

2.4.1 Materials handling

Materials handling is one of the most common applications for robots, as they allow
manual workers to be relieved from tedious, difficult or dangerous handling tasks. Robots

can be used to move heavy, hot or cold objects, load and unload moving conveyor belts
and stack finished products into shipping containers.

In addition, there are more specialised handling applications for robots, including machine
loading, die casting, investment casting, plastic moulding and forging. These are described
by Weisel [21], Laux [22], Gregory [23] and Mattox [24]. Most of these applications do not

involve the precise positioning of parts, but the robot may be required to move heavy
objects so a high payload capacity is often necessary.

2.4.1.1 Machine loading

Robots can be used to load and unload parts from machine tools or stamping presses,
with a single robot often being used to service several different machines. One advantage
to using robots in this application is operational consistency. A robot can be relied upon
to perform a loading task at a continuous rate, so a production process can be organised

to maximise machine tool utilisation and productivity if a robot is used in the loading

operation. Also, using robots allows the removal of human workers from the proximity of
dangerous or noisy machines.
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2.4.1.2 Die casting

In the die casting operation, molten metal is poured into a split cast (or die) which is then
forced closed by a press with a high locking capacity, typically in the range from 100 to
1000 tons. The press is then reopened and the casting is removed, quenched in water and
placed in a container or on a conveyer belt. Before another casting can be made the
interior of the die must be sprayed with a lubricant. Robots are used to ladle molten metal

into the casting machine, remove and quench the castings, and spray the surfaces of the
die.

2.4.1.3 Investment casting

In investment casting, the casts are often produced by the lost wax method. In this
process, several models of the finished cast are made from wax and then encased in a
monolithic ceramic shell. The shell is formed by applying successive layers of ceramic
slurry and sand to the wax forms. When the shell is complete, the wax is removed and
molten metal is cast into the resulting hollow mould to produce the desired object. Robots
have been used to automate the preparation of shell moulds by alternately dipping the wax
models into the two shell ingredients until the desired shell thickness is obtained.

2.4.1.4 Plastic moulding

There are two main applications for robots in the plastics industry; unloading moulding
machines and performing finishing operations. Robots can be used to unload moulding
machines with multiple cavities, as they can be fitted with special handling tools, such as
an array of suction devices, which allow them to pick up large numbers of mouldings
simultaneously. In addition, a robot with a long reach may be able to unload a moulding
machine by reaching inside it. This is preferable to a manual worker with a shorter reach

entering the hazardous machine to unload it. In the finishing application, robots can be
fitted with tools to trim and degate new mouldings.

2.4.1.5 Forging

Forging and heat treating are tasks which expose manual workers to especially unpleasant
conditions; heat, smoke, noise, heavy loads, fast pace and personal danger. In this area,
robots have been used to relieve humans of tasks such as loading and unloading furnaces

and presses and quenching finished parts in water. A high payload capacity and extreme
durability are required in this application.

2.4.2 Welding

Resistance welding, or spot welding, is a very common application for industrial robots
with a large number of car manufacturers throughout the world using robots in automated

assembly lines to spot weld car bodies. Here, the robots are used to handle heavy spot
welding guns and weld a long series of points in succession. Although robots cannot

always perform as rapidly as manual workers in this application, their operational
consistency tends to produce higher quality welds (Mullins [25]).
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The other major welding application for robots is in arc welding, which is one of the
foremost processes used in industry for joining metals. Holmes and Resnick [26] give two
reasons for introducing automated arc welding systems in place of manual welding; safety
and productivity. The safety aspect arises from the hazardous conditions in the vicinity of
the arc, as noxious gases and extreme heat are often produced by the welding process.
The productivity benefits are derived from a robot's ability to work in conditions which
would have a detrimental effect on a manual worker's performance. Smoke, high

temperature and radiation from the arc do not affect a robot, and this increases the arc-on
time and quality of the welds.

In both welding applications it may often be necessary to weld at precise points, SO
welding robots are required to have accurate positioning capabilities. The payloads
associated with spot welding are greater than those found in the arc welding process, with

a spot welding gun often weighing in excess of a hundred pounds, so a high payload
capacity may be desirable.

2.4.3 Finishing

In product finishing operations, robots are used in the spray application of paint, plastic
sealant, sound deadener or similar materials. There are several advantages to using robots

in this application, and these include material savings, consistent quality and safety
considerations.

The material savings are a direct result of a robot's operational consistency. A robot can
be programmed to spray an object using a precise motion path which minimises the
amount of overspray*. The robot will reliably follow this path each time, whereas a

manual worker cannot usually work so consistently. Predictable finish quality is obtained
for the same reason.

The spray application of most industrial finishing materials almost invariably produces
large quantities of toxic or asphyxiating gases, so an extensive range of ventilation
equipment is required to protect humans working in spray finishing processes. This
equipment is not required if the manual workers are replaced by robots. A further problem

is that the spray fumes may also be explosive, but hydraulically driven robots can be
introduced to reduce the risk as they are intrinsically safe for use in a volatile atmosphere.

Spray guns are not usually very heavy, so a high payload capacity is rarely required for
spray painting. High accuracy is seldom required either, as the diameter of the spray cone

1s usually large enough to compensate for small variations in the position of the spray
nozzle.

4 There aretwo causes of overspray; spraying beyond the edges of the object and holding the spray gun stationary for too long.
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2.4.4 Assembly

In industry, assembly tasks are a major user of manual labour and are seen as a large
potential applications area for robots. The requirements for assembly are different from
those for most of the other applications discussed above. When mating parts in assembly
operations, small positional errors can quickly develop large forces, so an assembly robot
must be able to manipulate parts with a high degree of precision. A typical assembly robot
might have a positioning accuracy in the range from 0.1 to 1 mm and a payload capacity
in the range from 10 to 50 Kg, which is adequate for manipulating small parts. The
accuracy requirement can be relaxed by using remote centre compliance (RCC) devices

and force sensors at the robot's wrist. These can detect and absorb angular and positional
errors between parts which are being brought together.

The latter problem was originally solved by using automatic feeders to present parts to a
robot, but these devices were expensive and a robot would still be unaware of a part being
presented to it incorrectly. These drawbacks have been overcome by using vision sensors
to determine the locations of parts placed randomly in the robot's work area.

2.5 Classifying robots

Although there is a large and diverse range of robot models with different configurations
and capabilities, all robots share some common features by which they can be classified.
Any robot can be considered as a combination of three components; a mechanical
manipulator arm with a tool or end effector at the far end, power sources to actuate the

arm, and a controller which guides the arm through its task. Tanner [27] discusses the
various classifications associated with each of these components.

2.5.1 Workspace

Any robot arm can be considered as a series of mechanical links and joints capable of
moving in various directions. The set of all points which the arm can reach is called the
workspace of the robot. The general shape of the workspace is determined by the types of
joint in the arm, and there are only two possible joint types; prismatic and revolute. In a
prismatic joint the relative motion occurs along a straight axis in a telescopic manner.
Conversely, a revolute joint is a simple hinge with the motion taking place around an axis.

The arm joints may also be called degrees of freedom. The arm's degrees of freedom can
be divided into two groups; major and minor axes. Starting from the base, the first three
degrees of freedom form the major axes, and these are used to locate the robot's end
effector at a desired position within the workspace. The remaining degrees of freedom
form the minor axes, which are used to orientate the end effector. A robot arm requires a

minimum of six degrees of freedom in order to position and orientate the end effector
arbitrarily.

Flexible robot control Andrew Stuart Mackay



Chapter 2 - Robots and Robot Control Systems Page - 15

The combination of joint types in the major axes determines the general shape of the arm's

workspace. There are four workspace classifications; Cartesian, cylindrical, spherical and
revolute.

2.5.1.1 Cartesian

If the first three degrees of freedom are all prismatic joints, as with a moving gantry crane,
then a Cartesian or XYZ workspace results. In this configuration the workspace has the
shape of a rectangular box, as implied by the name.

2.5.1.2 Cylindrical

A cylindrical workspace if formed if the robot's base joint is revolute and the next two
joints are prismatic. In this case the workspace forms either a part or the whole of a
vertical cylinder, depending on the rotational range of the base joint. If the base joint

cannot rotate through a full circle then the workspace has the shape of a cylinder with a
missing segment.

2.5.1.3 Spherical

If the first two degrees of freedom are revolute joints and the third is prismatic then the
robot has a spherical workspace. This arrangement is similar to the turret of a tank. The

actual shape of the workspace is a portion of a sphere, and depends on the rotational
ranges of the first two joints.

2.5.1.4 Revolute

The final workspace classification is revolute, and is created if a robot has three revolute
joints forming its major axes, as with the robot shown in plate 2.1. The actual shape of the
workspace approximates to a portion of a sphere, as in the spherical classification
described above, but the third revolute joint increases the robot's motion flexibility.

2.5.2 Actuators

Robot arms have a power source or actuator to articulate each arm joint. There are four
types of actuator in common use; servo motors, stepping motors, hydraulic and

pneumatic. The various actuator types offer different levels of power, speed and potential
accuracy, and the choice of actuator will depend on the intended use of the robot.

2.5.2.1 Servo motors

Servo motors produce a continuous rotational torque from an electrical power supply.
Servo motors are available in a wide range of supply voltages and power outputs, from
miniature low power DC types to high power mains driven units capable of moving a
heavy load. They are easy to control, as their power output can be instantly set by varying
the supply voltage. For heavy duty work their torque output can be amplified by driving
the load through a reduction gearbox. Alternatively, rapid output response can be

obtained by using a direct drive system, where the motor shaft is coupled directly to the
load.
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2.5.2.2 Stepping motors

A special variant of a servo motor is a stepping motor. In a stepping motor the field coils
are wound in a particular pattern such that they can be energised in a special sequence to
rotate the motor in small steps. This offers the potential to accurately control the
rotational position and speed of the motor shaft. Stepping motor drive amplifiers have
two digital control inputs; a step signal to index the motor and a direction signal to set the
rotation direction. They can thus be readily interfaced to a microprocessor or other digital
circuitry. A drawback is that they have a limited torque output due to their coil winding

pattern, and a servo motor offers a higher torque output from the same power
consumption (Kuo [28]).

2.5.2.3 Hydraulic

Hydraulic actuators are available in two basic types; pistons, which produce a prismatic
force, and rotational motors, which produce a torque like electric motors. The power
source for hydraulic actuators is a high pressure fluid provided by a pump. They can
produce very high actuating forces and are thus used in robot applications which involve
heavy loads, such as die casting. However, their position is difficult to control accurately
due to the nonlinear behaviour of the hydraulic fluid.

2.5.2.4 Pneumatic

Pneumatic actuators operate in a similar fashion to hydraulic types, but their power source
1s compressed air rather than a liquid. They do not produce as much force as the hydraulic
types and are even more difficult to control accurately. However, they can move very
quickly and are thus used in applications such as spray painting, where high speed is
required but precise position control is not a priority.

2.5.3 Controller capabilities

The final method of classifying a robot is by the capabilities of its control system. The
control system initiates and terminates the motions of the robot arm by controlling the
output of each joint actuator. Here, robots may be classified as non-servo or servo

controlled devices, and the servo classification may be subdivided into point-to-point
servo control and continuous path servo control.

2.5.3.1 Non-servo control

The simplest type of control system offers non-servo control of the joint actuators. With
this method the robot's task is performed as a number of elementary steps. In each step,
the controller sets each joint actuator moving in a particular direction and then waits for
the joint to move round and hit a limit switch or end stop, at which point the actuator is
halted. When all the joints have reached their assigned limits, the controller starts the

procedure again for the next step in the task. This process is repeated until all of the steps
in the task have been executed.
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This level of control is suitable for very simple tasks in which continuous control of the
end effector's position is unnecessary. The actual position of the robot can only be
accurately predicted at the end of a step, when each joint is at a particular end stop.
Typically, the task steps are programmed by setting switches on a simple logic
patchboard. During task execution, the patchboard compares the switch positions with
signals from the joint limit switches and activates the actuators accordingly.

Non-servo robots have limited flexibility in terms of program capacity and positioning
capability, but are simple to operate and are highly reliable. Non-servo control can be
implemented with a minimum of control hardware and is thus much less expensive than
the more advanced control methods. Common applications for non-servo control are in

simple materials handling, where objects are repeatedly picked up from one position and
deposited in another.

2.5.3.2 Servo control

In servo control, the position of each arm joint is continuously controlled to give the
desired motion of the robot. The robot's task is specified as a series of via points lying
along the desired path of the end effector. During task execution, the end effector is
moved between these points to follow the desired path. There are two types of servo
control; point to point servo control and continuous path servo control.

Point to point servo control

In point to point control, the task is performed as a sequence of steps, in a similar manner
to non-servo control. At each step the desired via point is recalled from the controller’s
memory and the set of arm joint positions required to locate the end effector at the
specified via point is calculated. The actual joint positions are then measured and
compared with these calculated values to produce an error signal for each joint. The error
signals are used to drive the actuators in the appropriate direction to reduce the error
between the desired and actual positions. The joint positions are continuously monitored

until they have all reached their required values, whereupon the next via point is recalled
from memory and the process is repeated.

With this system no attention is paid to the precise position of the end effector when it is
being moved between the via points. Point to point servo control systems are, in essence,
a more versatile replacement for the simple non-servo controllers described above, and
are typically used in the same robot applications. They are implemented using a computer
to store the locations of the via points and to calculate the required joint offsets for each

point. They can thus be readily programmed with a new task and can store as many via
points as the size of the computer's memory allows.

The robot's positioning accuracy at the via points depends on the resolution of the
encoders which feed back the joint offsets to the controller. A common application for

point-to-point servo control is in spray painting, where accurate position control is not
required.
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Continuous path servo control

This variant of servo control is largely similar to the point-to-point method, but has the
additional facility of continuously controlling the end effector's position instead of simply
moving it between points. The robot's task is specified as a series of lines or arcs® along
which the end effector must move. In order to achieve this higher level of control, the
controller must constantly recalculate, at very short intervals, the arm joint positions and
speeds required to produce the desired motion of the end effector. This requires a
powerful computer controller as the calculation process involves the inversion of large
matrices, which is computationally intensive.

Continuous path servo control is used in complex applications such as assembly and arc
welding. Continuous path robots are generally of smaller size and lighter weight than
point-to-point and non-servo robots as they are predominantly used in more delicate

operations. Positioning accuracy is again a function of the resolution of the joint position
encoders.

2.6 Robot control systems

When controlling a robot, the objective is to move the robot's end effector in a particular
manner as specified by a high level command. Examples of such a command might be

"move up 100 millimetres," " move to the point with coordinates x, y and z," or "move
forwards at 10 millimetres per second." The control problem can be divided into a

hierarchy of three distinct sections; interfacing, task decoding and actuator control. The
interaction of these components is shown in figure 2.1.

2.6.1 Interfacing

The top level of the control system interfaces the robot to the outside world, and there are
two main functions performed here. The first is receiving task commands from a user, and

the other is communicating with external systems. The interface functions are performed

by a microprocessor (or CPU) with a series of input / output (I0) devices for
communications and memory for storing the task commands.

User interaction is for the purposes of programming the robot with a task, and is usually
performed via a VDU terminal, a joystick or a teach pendant. With a VDU terminal, the
user can specify the robot's task by typing in and editing a series of high level commands
which are then stored in the controller's memory. Many robot control systems include a
high level language interpreter, which allows the programmer to enter instructions in a
similar format to those suggested above. An example of such a language is the VAL II

programming language, which is supplied by Unimation for use with their robot
controllers [29].

3 Technically referred to as splines.
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As an alternative to typing motion commands, the user can specify the task by operating
the robot directly. In this case, the user guides the robot through its task by depressing
buttons on a teach pendant or by moving a joystick, and the controller memorises the
sequence of motions performed during this teaching phase. The controller can then recall

the sequence from memory. Robots programmed in this way are sometimes referred to as
‘playback robots.'

Robots may also be required to communicate with an external system. This external
system may be a sensor, a supervisory controller or another piece of factory automation.

Sensors

A robot's task might involve receiving information from a sensor such as a vision system
which monitors the robot and the objects in its workspace. A serial data link is often used
to relay such information, the most common type being an EIA standard RS232 or R5422
link [30]. With this method a communications protocol must be established between the

robot and the sensor. For simpler sensors such as limit switches, the control system may
be equipped with some data input ports via which it can read the sensor signals.

Supervisory system

In a large factory a supervisory control system is often used to direct and coordinate the
activities of several robots and other pieces of automation. This supervisory system 1is
usually a minicomputer. Communication between a robot's control system and a

minicomputer usually takes place via a standard serial data link as described above, and
will use a protocol dictated by the robot control system.

Other automation

A common application for robots is loading and unloading other pieces of factory
automation such as presses or machine tools. It may be desirable for the robot to control

the other machine in order to synchronise the activities of both. An example of this would
be a robot cycling a press which it has just loaded. Alternatively, a robot and another
machine can be protected from each other by a series of interlocks which prevent the
robot from contacting the machine when it is running. Both of these interface functions
can be performed by digital input/output (IO) ports in the robot controller. The 10 ports

can be used to send control signals to other machines and to monitor the status of any
limit switches acting as safety interlocks.

2.6.2 Task decoding

In order for the robot to perform its task, the high level motion commands received at the
top level of the control system must be translated into commands which specify the
required motion in each of the robot arm's joints. This translation function is performed by
the second level of the robot control system, the task decoder. The task decoding 1s
performed by a CPU using specialised software. This might be the same CPU which
performs the interfacing functions, or it might be a second, dedicated CPU.
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There are two levels of control which can be implemented by the task decoder. The first
level is kinematic control, which is used to control the robot arm in a point-to-point
manner as described in section 2.5 above. The second, more complicated level is dynamic
control, which is used for continuous path control of the end effector. The mathematics
involved in both of these control levels are discussed in depth by Paul [31] and Craig [32].
There may also be other types of control required, such as limiting the amount of force

the end effector exerts on an object, but these are generally performed at the actuator
control level of the system.

2.6.2.1 Kinematic control

There are two aspects of kinematic control. The first and more simple is forward
kinematics, and the second is the more complex inverse kinematic control problem.

Forward kinematics

The most fundamental problem in task decoding is that of forward kinematics. This
involves calculating the position of the robot's end effector from the offsets in the arm

joints. The procedure is fairly straightforward, and involves only elementary geometry and
matrix manipulation.

First, an imaginary three dimensional coordinate frame is attached to the base of the robot
arm. This frame allows the positions and orientations of objects around the robot to be
described in relation to the robot's base, and it is often referred to as the robot coordinate
system (RCS). It may be necessary to translate between the RCS and some other world
coordinate system (WCS) in which the robot's task has been specified. This can be done
using a transformation matrix which describes the geometric relationship between the two

coordinate systems. To translate between the RCS and WCS, the RCS is multiplied by the
transformation matrix.

Once the base frame has been set up, a further coordinate frame is attached to each of the
robot's joints and a final one to the end effector. Calculating the position and orientation

of the end effector is then a matter of finding the relationship between the end effector's
coordinate frame and the base frame.

This is done by finding transformation matrices which describe the relationships between
successive joints in the arm. These are referred to as A matrices. The A matrices contain
both variables and constants. The constants are derived from the geometry of the arm link
between the two joints, which is described using a method devised by Denavait and
Hartenberg [33]. This method allows any link to be described by two parameters; a length
and an angular twist. The A matrix variables are derived from the offset in the lower joint

of the pair, i.e. the one nearest the base. In the case of a revolute joint, the variable is an
angle, and in the case of a prismatic joint it is a linear displacement.

Once all of the A matrices have been set up, they can be multiplied together to form a
single matrix which describes the position and orientation of the end effector in relation to
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the base frame. This final matrix is known as a T matrix and it contains products of all the
variables and constants previously contained in the A matrices. The T matrix constants are
the dimensions of the arm links, and the variables are the offsets in the arm joints. Thus,
the end effector’s position and orientation can be calculated if the offsets are known.

Inverse kinematics

The reverse problem to forward kinematics is inverse kinematics. Here, the problem is to
calculate the set of joint offsets required to position the end effector at a specified point.

This problem is fundamental in robot control, as it arises each time the robot is required to
move to a specific point.

The inverse kinematic problem has traditionally been solved using an analytical approach.
There are two stages in the analytical solution. First, certain combinations of the A
matrices are multiplied out to produce a large set of formulae which describe the position
of the end effector in terms of the joint offsets. Then, the important equations in this set
are 1dentified and manipulated to yield an offset solution for each joint. These solutions
specify the offset required in a particular joint for a desired end effector position. The

joint solutions are the inverse kinematic equations of the robot, and are referred to as the
closed form solution.

Once the inverse kinematic equations have been found it is possible to implement point-
to-point control of the robot arm. Here, the desired end effector position is sent down
from the top level of the control system and the required set of joint offsets is calculated
from the inverse kinematic equations. The required offsets are then sent to the actuator
control subsystem (see Figure 2.1). Once the joints have all reached their required

positions, the next end effector destination can be processed. This procedure is repeated
until the end effector has passed through all of the desired points.

2.6.2.2 Dynamic control

It the speed and direction of the end effector must be controlled, rather than just its
position, then dynamic control must be implemented at the task decoder. This is more
complex than kinematic control, and involves calculating the motion rate of each joint
required to move the end effector in a particular speed and direction. As with kinematic

control there are two aspects to the dynamic control problem; forward dynamics and
inverse dynamics.

Forward dynamics

Forward dynamics is an extension of forward kinematics, and involves calculating the
velocity of the end effector from the offsets and motion speeds of the arm joints. To do
this, a matrix called a Jacobian is calculated from the set of present joint offsets. The
Jacobian provides a mapping between the velocities in the joints and the velocity of the

end effector. As the robot arm moves the Jacobian must be constantly recalculated, since
the values of its elements change as the joint offsets vary.
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Inverse dynamics

The relation between forwards and inverse dynamics is analogous to that between
forward and inverse kinematics. Inverse dynamics is the process of calculating the
required velocity in each arm joint for a specified end effector velocity. In order to do this,
the inverse of the Jacobian matrix is calculated to produce a mapping between the desired
end effector velocity and the required joint motions. As the arm moves, the Jacobian must
be continuously updated for each new arm position and then inverted to solve for the joint
motions. The matrix calculation and inversion procedure is performed by a
microprocessor, and is very computationally intensive.

Inverse dynamics allows continuous path control of the robot's end effector, where a
desired end effector path is sent down from the top level of the control system. If the
actuator control subsystem is capable of controlling the speed in the arm joints then the
required speeds can be sent down from the task decoder as soon as they have been
calculated. More usually, however, the actuator controller simply controls the offset in

each joint. In this case the task decoder sends down a stream of changing desired offsets
for each joint so that the joint is moved at the desired speed.

2.6.3 Actuator control

The final, lowest level of the control system moves the joint actuators in accordance with
the commands sent down from the task decoder. These commands may specify either an

offset or a speed for a particular joint. Each joint is controlled using a feedback loop as
shown 1n figure 2.2.

The loop's operation can be summarised as follows. The input to the loop is the desired
position or offset. This is compared with the present value, which is measured using a
joint encoder, to produce an error signal proportional to the difference between the
desired and actual values. The error signal is then passed to a compensator which

calculates the actuator output required to reduce the error. Finally, the compensator
output is fed to the actuator's drive amplifier in order to move the joint.

In a typical robot control system each joint actuator is equipped with an individual
controller. The controller is usually based on a microprocessor, with the compensator
implemented in software and interface devices used to communicate with the encoder and

actuator drive. Alternatively, a simple dedicated controller can be implemented using a
hardwired circuit, but these have limited capability and are not very flexible.

2.6.3.1 Encoder type

A number of different encoders are commercially available for use in robot arm joints.
Some produce an analogue signal which is proportional to the joint offset or velocity, and

this must be digitised by an analogue to digital converter (ADC) before it can be used by a
MICTOProcessor.
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Potentiometer

A simple potentiometer can be used to measure the joint offset. Rotary potentiometers are
used for revolute joints, and prismatic joints can be fitted with either a linear
potentiometer or a rotary type driven through a rack and pinion mechanism. An analogue
voltage proportional to the offset is produced, and this is then digitised for reading by a
microprocessor. The measurement accuracy is determined by the linearity of the
potentiometer output, and the best encoders available have a linearity of around 0.1%,
corresponding to 0.3 degrees error in a revolute application. As a consequence,
potentiometer encoders are generally used for coarse offset measurement only.

Synchro resolver

Another type of encoder which can be used with revolute joints is the synchro resolver.
This comprises two electromagnetic coils, one attached to each side of the joint, The first
coil 1s energised with a sinusoidal voltage. This becomes induced into the second coil, and
the phase difference between the two waveforms is used to determine the angular offset
between them. Dedicated microchips are available which sample the two coil signals and

produce a bit pattern representing the phase difference up to a maximum resolution of 12
bits (0.09 deg) [34].

Tachometer

A tachometer can be used to measure the motion speed of a joint. Tachometers produce

an analogue voltage proportional to the joint speed, and, as with potentiometer encoder
signals, this must be digitised for microprocessor use.

Digital encoders

There are two types of digital encoder available; pulse output and absolute output. Both
are implemented using light sources and photo receivers which are separated by a notched
screen which is moved by the joint. The first type produces a series of pulses as the joint
moves which can be counted in order to determine the joint position. These are available
for both prismatic and revolute joints. The revolute type is available with up to 2000
output pulses per revolution, which gives a resolution of 0.19 degrees. However, this can

be increased by driving the encoder through a gearbox to give as much resolution as
required.

The second, more expensive type produces a bit pattern which directly shows the joint
offset. This type is available with up to 12 output bits, giving a resolution of 0.09 degrees.

2.6.3.2 Compensator methods.

The feedback compensation methods most commonly used in robot applications are

described in detail by Fu, Gonzalez and Lee [14]. Only the most simple method, PID
control, was used in this project.

Flexible robot control Andrew Stuart Mackay



Chapter 2 - Robots and Robot Control Systems Page - 24

PID control

Proportional plus integral plus derivative (PID) control is one of the most common
methods used in feedback control as it simple to implement and can be applied to
controlling a wide range of systems. The PID compensator technique is shown in block
form in Figure 2.3. The error signal is fed to three separate filters which respectively

integrate, multiply and differentiate it. The compensator output is the sum of the three
filter outputs.

The proportional, or multiplied, term causes the actuator to move the joint towards its
desired position at a speed proportional to the positional error. The derivative term is
included to "damp" the joint motion in order to prevent it from overshooting a desired
position it is approaching. Finally, the integral term is designed to prevent small position
errors from going uncorrected by the proportional term. A small error causes the integral
term to increase with time until the joint is moved into the correct position.

The response of the PID compensator output to a particular error signal is determined by
setting the relative gains of the three terms. The gains required to give the joint optimum

stability and response time can be calculated by using the S-domain analysis methods
explained by Dorf [35].

2.6.4 Example robot control system - the PUMA VAL controller

The interaction of the various elements of a robot control system can be shown by
considering the architecture of a modern robot control system. Unimation's VAL
controller {36] is designed to control their PUMA series robots, and is shown in block
diagram form in Figure 2.4. The VAL controller comprises a DEC LS§11/02 computer and
six Rockwell 6503 microprocessors arranged hierarchically as shown in the diagram.

2.6.4.1 Interfacing and task decoding

The DEC computer performs the functions of interfacing and task decoding. There are
interfaces to four external devices; a terminal, a floppy disk drive, a teach pendant and an
RS422 serial data link, The terminal and teach pendant can be used to enter commands
for programming the robot to perform a task, or to move the robot directly under user
control. The floppy disk drive is used for permanent storage of task programs, and the

RS422 link can be used to connect the VAL controller to an external computer if
required.

Task decoding is performed in software by the DEC, which translates the high level VAL
commands into individual commands for each joint. Continuous path control is

implemented by using joint interpolated trajectory planning. With this method, the task
decoder sends a new position demand to each joint controller every 28 ms. The joint
controller then sends back an acknowledgement when the joint has reached its new

position. When all the acknowledgements have been received, the next set of demands are
sent out,
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2.6.4.2 Joint control

Each of the arm joints is controlled by a 6503 microprocessor which resides on a digital
servo board along with interfaces to the encoder and motor drives. Each joint is equipped
with a combination of two encoders; a potentiometer for approximate position encoding
and a digital pulse type for accurate resolution. The 6503 reads the two encoder outputs,
using an ADC for the potentiometer signal and a counter for the digital pulses, and
determines the present joint offset. This is compared with the most recent demand from

the task decoder and an error signal is calculated as a combination of the position error
and 1ts integral.

The error signal is then converted into analogue form by a DAC and is passed through an
analogue compensator which dampens it by introducing a derivative term. The analogue
demand signal is then sent to a motor drive board where it is amplified and used to move
the joint. All six joints are driven by servo motors. The control scheme for each joint is
thus, in essence, a basic PID controller. The gains in each feedback term are fixed, having

been precalculated for each joint to give a critically damped response for a medium
payload.

2.7 The concept of flexible control

Robots are intended to offer the advantage of superior flexibility over other types of
automation. Their programmability feature allows them to be easily changed from one

operation to another. However, any robot can only perform a task which is within its
workspace and payload capabilities. This presents a problem if it becomes desirable to

automate a new process which is beyond the capabilities of an existing robot which has
been previously purchased for another purpose.

There are two options available to a robot user facing this problem. Firstly, if the new
process can be somehow modified to suit the capabilities of the existing robot then this 1s
the simplest solution. If, however, the new process cannot be changed then a robot with
different capabilities is required. Purchasing a new robot would be possible, but this
would be expensive and the existing robot would be rendered obsolete.

A useful alternative to purchasing a new robot would be to modify the existing robot to
give 1t the required capabilities. If a larger workspace was required then more links and

joints could be added to the arm, or more powerful joint actuators could be used to
provide a greater payload capacity.

Unfortunately, most industrial robots are sold with dedicated controllers which have been

developed specifically for that robot.. Their task decoder and joint controllers will only
work successfully if the robot's configuration remains unchanged.

Task decoder

This is usually developed using the closed form inverse kinematic equations of the robot
arm. The analytical method for producing these equations, as outlined in section 2.6.2.1
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above, requires familiarity with robot kinematics and can take an experienced robot
designer several hours. The resulting closed form solution contains elements which are
derived from the geometry of the robot arm links. If the arm geometry is changed by
adding, removing or modifying links then the equations become invalid. Thus, new

equations must be calculated for the modified arm setup before successful control can be
restored.

Joint controllers

Commercial robot controllers have a joint control subsystem which is designed to
interface to the particular motor drives and encoders used at the arm joints. Usually, each
joint controller is a hardwired circuit which cannot easily be modified. If a new encoder or
drive is required then a whole new joint controller must be developed, and this must be
able to communicate with the task decoder using the same protocol as the previous
controller. This would rarely be within the engineering capabilities of most robot users.

Flexible robot control

The fact that most commercial robot controllers do not allow the user to modify the robot
has given rise to the concept of flexible robot control. A flexible robot control system
should be reconfigurable so that it can be set up to control a robot with any combination
of links, joints, encoders and actuators. Such a control system would be very useful in an

application where the robot may often need to be reconfigured in order to give in new
capabilities.

2.7.1 Requirements of a flexible robot control system

The requirements of a flexible robot control system can be separated into two parts; the
requirements of the task decoder and those of the joint controllers.

2.7.1.1 Task decoder requirements

A flexible task decoder must be able to provide point-to-point or continuous path control
for any robot, regardless of its geometric configuration. A possible solution would be to
allow the user to program the controller with an arbitrary set of inverse kinematic

equations. However, the analytical method of calculating these is very complicated and 1s
beyond the capabilities of most robot users.

A more desirable solution would be for the task decoder to be simply programmed with a
description of the robots geometric configuration. The description would ideally use easily
calculated parameters such as the number of joints and the length and twist of each link.
The task decoder should then calculate, from the description provided, the joint actions
required for a particular task. In order to do so, an alternative to using analytically

determined inverse kinematic equations must be found for calculating the required joint
actions.
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2.7.1.2 Actuator controller requirements

The actuator control system must be able to control a robot arm with any number of

joints, each joint having an arbitrary actuator and encoder. In each feedback loop, as
shown in figure 2.2, the compensator, actuator drive interface and encoder interface must

be interchangeable so that the loop can be set up to control any actuator/encoder
combination.

2.7.2 Previous work on flexible control

A literature search of the various transactions on robotics [37], [38], [39], [40], has shown
that virtually no research has been undertaken to develop a flexible robot control system
as described above. Some robotics research has focused on new control techniques such
as adaptive control, expert systems and neural network control. These have been
experimentally applied in the control of actuators, but no special actuator control system
architectures have been proposed which would allow easy modification of the robot.

There has, however, been a small amount of research undertaken to produce an
alternative to the analytical method of solving the inverse kinematic problem for a robot
arm. Oh, Orin and Bach [41] and Goldenberg and Lawrence [42] discuss a generalised
method for solving the inverse kinematic problem. This method is based on using a
Newton-Raphson numerical procedure. It may be applied to any manipulator, regardless
of its geometric configuration, and does not require the use of the traditional analytical

method to derive a closed form solution. The numerical method is very complex but it can
be summarised as follows.

At the start, an experimental set of joint offsets (usually the present offsets) is used as an
initial estimate and their resulting end effector position is calculated using the simple
forward kinematics procedure. Next, an error vector is calculated which describes the
displacement between the desired end effector position and the 'experimental offset

position used. A series of convergence tests are then performed on this error vector to
calculate a new set of joint offsets which would reduce its magnitude.

This new set of estimates is then used to calculate a new error vector, and the procedure
1s repeated until the error vector has been reduced to an acceptable, prespecified size. At
this stage, the latest set of joint offsets is accepted as a solution for the desired position.
The numerical method is far more computationally expensive than the closed form
solution, but it has the advantage of providing offset solutions for an arbitrary robot

configuration. The only information required is a description of the robot's geometry in
terms of the length and twist of each link.

2.7.3 Flexible control research at Liverpool

A research programme has been conducted at Liverpool to develop a prototype flexible
robot control system which fulfils the requirements outlined in section 2.7.1 above. The

work was split into two projects; one to develop a flexible task decoder and the other to
develop a flexible joint control system.
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The objective of work presented in this thesis was to develop a flexible joint control
system. The development of this system is described in detail in the next chapter, and its
testing and application is discussed in subsequent chapters.

Additional research was also undertaken to develop a flexible task decoder, and this work
1s discussed by Tarchanidis [1]. The next chapter also describes how the two flexible
subsystems were integrated to produce a full robot control system.
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Plate 2.1: Unimation PUMA 500 6 degrees of freedom industrial robot
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3. Chapter 3 - The Flexible Control System

This chapter describes the development of a flexible joint control system as one part of the
Liverpool flexible control system. Section 3.1 discusses the system architecture in detail,
explaining how the system was designed as a series of modules which could be
interconnected to form joint controllers. The method of linking the modules together
using standard interface protocols is also described. A description of the hardware and
software components of each system module is then given section 3.2. Finally, section 3.3
describes how joint controllers could be networked together and how they communicated
with the other system component - the flexible task decoder.

3.1 System architecture

The first task in designing the joint control system was to decide on a general architecture

which would allow the flexibility requirements outlined in section 2.7 to be met. There
were two main requirements:

1. 'The system should be capable of controlling a robot arm with any number of joints.

This is shown in figure 3.1, with the task decoder communicating with N joint
controllers for an N degree of freedom robot arm.

2. Each joint controller should be configurable to match the particular encoder and

actuator used at its joint. Figure 3.2 demonstrates this concept, with a feedback
control loop using interchangeable interfaces for the encoder and drive.

It was realised that a control system with a modular architecture would fulfil these
requirements. Each joint controller would comprise three separate modules; a
compensator, a drive -interface and an encoder interface, as shown in figure 3.3. The
modules would operate independently and communicate using standard interfaces. Using
this method, a joint controller could be configured for use with a particular encoder and
actuator by combining the appropriate interface modules.

It was thus decided to build the joint control system as a series of modules. There would

be three main types of module required; compensators, encoder interfaces and drive
interfaces.

Choice of microprocessor

In order to offer the greatest versatility it was decided that the system hardware should
based on using microprocessors. Each joint controller module would thus comprise two
components; a software process and some supporting microprocessor hardware.

One possible approach would have been to use a bus based architecture for
communications between the system modules. An example would be the popular VME
bus system [43). However, bus based systems have the inherent disadvantage that only
two devices can communicate on the bus at any one time. When controlling a robot it may
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be desirable to allow the task decoder to coordinate the joint motions by communicating
with all of the joint controllers simultaneously. It was thus decided to use a

microprocessor which would readily support multiple, concurrent system
communications; the Inmos transputer.

3.1.1 Inmos transputer

The transputer was developed by Bristol based Inmos during the early 1980's, and it 1s a
complete computer on a single chip. Its name is derived from a composite of ‘transistor
and 'computer’, and it comprises a 32 bit CPU, high speed on-chip memory and four senal
communications links for connecting it to other transputers or external hardware. The
internal hardware of a transputer is shown in block form in figure 3.4 [44].

3.1.1.1 Internal memory and floating point unit

The transputer's on-chip memory allows it to run a small program independently once 1t
has been loaded onto the chip, but it is more usual for the transputer to be interfaced to
external memory in order to allow it to run larger, more complex programs It has a full

memory interface built into the chip and can thus be connected to memory devices with a
minimum of external hardware [45).

Some transputers also have an integral floating point coprocessor (FPU), as with the more
widely used Intel 80486 which is essentially a single chip combination of the older 80386

CPU and 80387 FPU devices. This type of transputer offers very high performance, as

locating the CPU and FPU on the same chip minimises the time required for
communication between the two processors.

3.1.1.2 RISC architecture

The transputer was designed as a reduced instruction set (RISC) processor [46]. RISC
processors use a small number of simple, high speed CPU instructions to implement their
programs. This method is intended to offer higher performance than the traditional
complex instruction set (CISC) processors. These have a large number of complex

instructions which directly support high level programming language commands. The

transputer's instruction set is small and mainly comprises simple load and store
instructions.

RISC processors typically have a large number of internal hardware registers for
performing data manipulation. The transputer, however, has only three such registers, but

it can achieve high performance by using its fast on-chip RAM as an area for storing data.

3.1.1.3 Parallel processing support

The most important feature of a transputer is its ability to support parallel processing. The
principle of parallel processing is very simple; several processors are linked together in a
network and the workload of the program is shared out between them. With this system,
the performance of the network can be extended by adding more processors as required.

The network's potential performance is limited by the overhead of communicating data
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between the processors, but this only becomes a problem if a large number of processors
are used. Furthermore, with careful network design, a multi processor system can still
continue operating if one of the processors fails.

The transputer is suitable for parallel processing because it contains all the major elements
of a computer; a processor, memory and links for connecting it to other transputers. Each
link can communicate in full duplex at up to 20 Mbits per second and has its own
controller which operates independently of the CPU. The links allow transputer networks
of arbitrary size and topology to be constructed, with each transputer communicating with

up to four neighbours. Three possible network topologies, the pipeline, tree and grid
networks, are shown in figure 3.5.

3.1.2 Occam programming language

The Occam programming language [47] arose from the concept of communicating
sequential processes, and was developed by Inmos as the main programming language for
the transputer. The language is named after a 14th century philosopher, William of
Occam, whose proposal that "entities should not be duplicated beyond necessity" 1s
reflected in Occam's limited range of simple commands.

3.1.2.1 Concurrency

Occam was designed from the outset to be a concurrent language which could make
maximum use of the transputer's inbuilt timeslicing! and process switching capabilities.
Programming languages are by nature sequential, unlike the real world which 1s inherently
concurrent - at a given point in time any number of events are occurring and are
interacting with each other to varying degrees. Concurrency, or parallelism, can be used

to increase the speed of a program. Certain computing tasks can be broken down into a
number of small processes, each of which can execute in parallel. This can decrease,
sometimes significantly, the time taken for a program to execute.

Concurrency is achieved in Occam by breaking a program down into blocks. These blocks
are a collection of Occam commands grouped together as a unit. Each unit constitutes a
process, and is designated to execute in either sequential or parallel mode. In sequential
mode, the commands in the block are executed one at a time in order, the process
terminating when the last command has been executed. This is analogous to the way in
which conventional programming languages operate. In parallel mode, however, all of the
commands in the block start executing at the same time, and the process terminates only
when all of the commands have terminated. Each process can in turn be made up of a

number of other processes, these being either sequential or parallel, and so on up to any
depth of processes required.

1 With timeslicing, a processor performs several tasks simultaneously by cyclically allocating each process a small period, or slice, of
CPU time.
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3.1.2.2 Communication channels

Each process in an Occam program has its own set of local variables, so when two
processes have to communicate with each other they do so via a channel. The sending
process outputs information on the channel and then waits until the receiving process has
accepted it. When the transaction is complete, the two processes carry on. This feature
allows a process to adopt a 'black box' identity, with data flowing into and out of it but its

internal workings appearing transparent to the other parts of the program. This idea 1s
shown in figure 3.6.

3.1.2.3 Hardware independent parallelism

Concurrency can be achieved in Occam with little regard to the supporting hardware.
When only one processor is available to run an Occam program, any parallelism within the
program is simulated by the processor's timeslicing capabilities. However, when several
processors are available the program's processes can be shared out between the
processors and genuine parallelism 1s achieved. An Occam program can thus be developed

and tested on a single processor and then operated on a multi processor system to gain an
Increase in speed.

3.1.3 The Transputer Development System

The Occam programs developed during the course of this project were written and edited
using the Transputer Development System (TDS) software package [48]. The TDS
provides facilities for writing, editing, compiling, running and debugging Occam
programs. It runs on a transputer hardware board which is either installed in or connected
to any IBM AT compatible personal computer (PC).

In this project, the TDS was run on an Inmos B004 plug-in transputer evaluation board

[49] 1installed in an Opus PC6 computer [S0). The B004 board comprises a single
transputer, 2 Mb of dynamic RAM memory and an interface for connecting it to the PC,

The PC 1s used as a terminal for editing programs and its hard disk is used for program

storage. With this setup, three transputer links are available on the B004 board for
connection to external transputer hardware.

Text folding

The screen text display produced by the TDS is based on the concept of folding. Here, the
editor allows sections of program text to be hidden from view inside a fold, which is
displayed as a fold line (three dots ... ) followed by a comment header describing the
contents of the fold. Folds may be nested to any depth and the program structure is given
a visible hierarchy. The folding editor allows large programs to be traversed very rapidly
and easily comprehended, and is far superior to the traditional scrolling editors.

Software note

The remainder of this thesis includes sample listings of some of the Occam programs
developed during the project. The programs are shown as they appear on screen in the
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TDS, with some of the text lines hidden from view inside folds. Showing every line would
make the listings very long and the programs would be difficult to understand. However,
a functional listing, with some program sections visible only as descriptive fold headers,

can be easily comprehended. With this listing method an Occam program might appear as
follows:

PROC DEMONSTRATION.OF.OCCAM (CHAN OF ANY screen,

CHAN OF INT Output.channel)
#USE userio

INT a, b, c¢:
SEQ

. Inltialise variables
. Clear screen
a = ]
b = 2
sum := a + b
. Wrlte sum to screen
Output.channel ! sum

Full explanations of Occam commands and syntax are given in the Occam reference

manual [51] and Occam tutorial [52]. Full listings of the programs presented in this thesis
are available from The University of Liverpool.

3.1.4 Module communication protocols

In each joint controller, standard communications interfaces were used between the
compensator, encoder interface and drive interface modules. This allowed the internal

operation of each module to remain transparent, and individual modules could be easily
interchanged.

The standard interface method allowed each joint controller to be configured with
encoder and drive interfaces as required. The principle was also be extended to the joint

controller as a whole, with another standard interface being used between each joint
controller and the task decoder.

Occam implementation of standard interfaces

It was decided to use Occam channels for communications between modules, with the
standard interfaces implemented by using channels with special tagged protocols. This is
demonstrated in figure 3.7, which shows three joint controller modules communicating via

Occam channels. The channel protocols were established before any control hardware was
designed.

3.1.4.1 Joint controller protocol

In each joint controller the compensator module handled communications with the task
decoder. The protocols used here were the first protocols to be established during the

development of the system, as they formed the basis of communications between task
decoder and joint controllers.
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The task decoder sent commands to a joint controller using an Occam channel with a
protocol defined as follows:

PROTOCOL CONTROLLER.COMMANDS
CASE

Initialise

Absolute.offset; REAL32
Stop. joint

There were three possible commands, the first of which was used to initialise the joint
controller. When it received this command, the compensator stopped the joint from
moving and sent test signals to ensure that the encoder and drive interfaces were ready.

The second command was used to issue a joint offset demand to the compensator, and the
final command instructed the compensator to stop any motion in the joint.

The compensator responds to the above commands using a channel with a protocol
defined as follows:

PROTOCOL CONTROLLER.RESPONSES
CASE

Ready
Received.ok
Finished

Communications.failure

The ready tag was used in response to an initialise command if the encoder and drive
interfaces were found to be operating correctly. Conversely, if one of the interfaces was

not responding then the communications.failure response was used. The response to a
stop.joint cOmmand was elther Finished OF Communications. failure, In @ Stmilar way.

The other two tags were used as responses to an offset demand. As soon as the demand
was received the received. ok response was sent back as an acknowledgement. Later, if the
joint had reached the desired position before another offset demand was received, the

Finished Tresponse was 1ssued. If an interface problem developed then the
Communications.failure warmng was sent.

3.1.4.2 Encoder interface protocol

A compensator sent a single command to its encoder interface to measure the joint offset.
The protocol was defined as follows:

PROTOCOL ENCODER.IF.COMMANDS
CASE

Send.present.offset

The internal operation of the encoder interface was transparent to the compensator. The

encoder interface performed the actions required to measure the offset and then sent back
a response using this protocol:

PROTOCOL ENCODER.IF.RESPONSES
CASE

Present.offset.is ; REAL32
Encoder.comms.failure
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