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Abstract—The paper presentsthedesign and the development of
areal-time, open architectur e controller that isused for control of
reconfigurable manufacturing tools (RMTs) in reconfigurable
manufacturing systems (RMS). The controller that is presented
can beimplemented on any controller hardwarei.e. open
controller. The controller isdesigned in such away that it satisfies
thetime critical tasksrequired by reconfigurable manufacturing
tools(RMT) i.e. real time controller. The kinematics analysis of a
general 5-axisRMT ispresented. Thereafter, software concepts
that are used in the controller implementation are discussed.
Software controller modulesfor RMTsarealso discussed. The
controller architecturefor satisfying real time control
requirementsfor RMTsispresented. The smulation resultsare

presented using the different configurations of 5-axesRMT.

I.  INTRODUCTION

Globalization of the economy, saturated marketgqidra
advances in technology and the increase
awareness have precipitated the need for massnaiastoon in
production of higher quality products. Even thoubis has
resulted in an increase in consumer satisfactidmas brought
about uncertainties in markets demands for conswguoeds,
with the current trend highly influenced by shottié cycles.
This has led to a lot of unpredictability in markietmands and
ultimately fragmentation of the market (size andnd).
Therefore manufactures of consumer goods needsponel to
these volatile markets by timely producing high lgya
products at lower cost and to the exact speciboatiof the
customers. In turn they need appropriate busingssegies
and manufacturing technologies to accomplish ts&.t

In recent years the new concept &econfigurable
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hardware is comprised of modular machines made of
mechanical components (modules) that can be assdnabid
disassembled to meet the production requirements.th@
other hand open architecture controllers (OAC) @ireed at
eliminating the problem of implementation by cregtia
flexible control system which can be attached twide variety
of machine tools. OAC’s ensures integration of txgs and
new control devices and software modules, therefoiapting
the manufacturing system to the different operatiogditions.
Thus modular machines and open architecture cdetsohre
key enabling technologies in providing manufactgraystems
that can integrate or remove hardware or softwaoelutes
without affecting the integrity of the whole systefmence
ensuring reusability.

The advent of faster processors for personal coenpUiPC)
and a general reduction in their prices have irsgédhe use of
PC-based controllers [1]. PC-based controllers gaeerally
flexible, open and can be easily integrated intdeot
manufacturing functions. They also offer fasteriglesycles,
lower down times due to the presence of diagnoatid
simulation tools. These attributes help in enhapcin
productivity and reduces maintenance costs.

in consumer

The basic constituents of a PC-based controllethardware
platform which comprises of a computer hardware,
communications network, peripheral devices and@snIhey
are capable of generating, receiving, transmittiprpcessing
and storing data or signals. Software layer whigbludes
operating system, device drivers, network commuitnaand
application software enables inter-task commurocati
multitasking, interrupts  handling, network, memory
management, system level errors and controls dévwe and
output handling.

The paper is arranged as follows; Sections Il dessrthe
characteristics of open controllers including rethtvork while
section Il introduces the aspects of real time tadiers

Manufacturing Systems (RMS) was conceived to address thesgection IV introduces the concept of controllerhéecture.

problems. In terms of design, RMS has a modularcsire
(both in software and hardware) that allows reayirag of the
manufacturing system to adapt it to the new requémgs. The

Section V catalogues the kinematics and dynamiesg#neral
5-axes RMT with section VI discussing the contnolle



implementation. Finally section VIII concludes bwating the
expected outcome of the project and future work.

II. CHARACTERISTIC OF OPEN CONTROLLERS AND RELATED

WORK

An OAC offer services according to standard resesirand
standard rules that describe the syntax and setvideey are
capable of making changes with respect to funclityna
performance and dependability as well as adaptintatget
platforms easily and cost effectively. The preseotsupport
for the integration of new activities in the cortemvironment
makes open controllers very desirable. Moreoveey thave
modular structure with well defined communicatioterfaces
enabling easy communication between modules. Fumibre
their ability to detect failures and makes the iempéntation of
recovery process easy.

The research into OAC for use in machine toolsrisifeed in
the 90’s with organizations like Open Systems Awadture for
Controllers within Automation (OSACA) [2] , Open Molar
Controller (OMAC) and academic institutions like idersity
of Michigan and University of British Columbia priding
some useful platforms to date. Most of the cordrsll
developed need a human machine interface (HMI)riteroto
alert the users of the processes involved and shewstate of a
machine at a particular instance. Some developerge h
suggested use of CAD/CAM systems for true simutatibthe
manufacturing processes [3]. For the proper execudf tasks,
application programs are written for each task gist++, an
object-oriented programming language known for
robustness. The application software requires aahlel
Application Program Interface (API) to interact hithe
underlying hardware. A suitable API will abstrachet
underlying hardware specific architecture and esckge the
assumptions of the software to allow different &mtlon
software to run in different hardware platforms. d¥lo
developers designed their own API's but unfortulyatame
proved too hard to understand and they are onlypeditvle to
the developer’s specially designed hardware.

The other common feature in the controllers was t

iSverheads.

real-time which can also be handled by a soft tiea- system.
Most front end operating systems for the contreligeveloped
use Microsoft Windows NT/XP operating systems whitgh

QNX and VxWorks real-time operating systems havieya

more success at a lower level implementation whdeline
constraints cannot be violated. In some instancesaktime
extension to the existing non-real-time operatiggtem was
used in order to conform to the requirements.

According to the Institute of Electronics and Eteal
Engineering (IEEE) Portable Operating System |aimsf for
Computer Environments (POSIX) Standard 1003.1b re@l-
time system is one in which the correctness ofréselt not
only depends on the logical correctness of theutation but
also upon the time at which the result is madelabkd” [4].
Therefore time is critical for successful implenaiun of real-
time systems. Real-time capabilities can be cliaskihto two
main categories namely hard or soft. Hard real-tapplies to
situations where deadline constraints can not bkated and if
this is not met the system can exhibit undesirdd@havior.
Motion control is one of the tasks which are cléesdi under
this category. On the other hand soft real-tim&sado not
require strict time constraints.

CHARACTERISTICS OF REAETIME CONTROLLERS

Real-time operating systems (RTOS) are normallyd use
implement real-time systems [5]. RTOS have theitgbib
schedule tasks, meet deadlines, quickly recoven fesrors,
fast switching between tasks and most importartlgytare
extensible. Further advantages include reductiosiies and
The presence of characteristics like ti-mul
threadedness, preemptability, threads priority, distable
thread synchronization mechanisms, priority inla@ce and
predefined latencies (predictable).

IV. CONTROLLERARCHITECTURE
A. Software architecture

he Careful analysis of software implementation for the

communication architectures and networks. Someduired controller is required to ensure that the impleratoh adheres

novel
thoroughly tested and did not meet the requiremétasvever
widely used communication networks include Ether
VentureCom, Process Field Bus (PROFIBUS) and C

communication architectures that have not nbe

Eo the open and flexible environment required. 8o groblem
Solving involves utilising some of the tried andstesl
approaches used in the design of software for aenop

n)%{chitecture. Proper structuring of the softwam®uigh use of

ructures and architectural styles where a systam be

networks. Even though PROFIBUS is known for its migdecomposed into subsystems is the key to achiedng

speed, most experiments involved preferred CAN fwhias
proved to perform better in real-time boundariasitfrermore
another critical constituent of the controllers wasnd to be

an operating system. A manufacturing environmengsus

machines that require motion controls which arelliaal-time
applications. Tasks like writing an applicationtsafre are non

successful implementation of software.

A good architectural style ensures a well coordidat
synchronised and properly functioning system. A bioration

of styles normally creates a more robust systemy Ke



identifying characteristics of include flow of dataithin a
system, mode of transmission and good synchroni&gch
architectural style has its own advantages andddisgages
but for this particular project data abstractiond anbject
oriented style is the focus in software implemeatat This
style is characterised by encapsulation of dataitsnatimitive
operations into abstract data called objects [Bf @bility of
an object to hide its representation from the tiemakes it
possible to change the implementation without aifigcthe
client. The bundling of a set of accessing routiwvih the data
they manipulate enables programmers to decompadzepns
into a collection of interacting agents.

In spite of favourable properties the object-omehtstyle
posses some problems especially with interactidre dbject
must first establish the identity of another objiéctvants to
interact with [6]. In the event that identity of abject changes
it is required that the updates are passed onet@lfects that
invoke it. However mixing this style with other Wwinsure
more robustness at the end of the implementatitimerGstyles
include pipes-and-filters, layered, time-triggeregactive,
process networks, publish and subscribe, clienteseprocess
control and finite state machine.

B. Hardware Architecture

The implementation of hardware is one of the d&dicaatters
to handle in ensuring a real time environment. Megpe use
of the hardware that is real time compliant itrigperative to
arrange the hardware in such a way that there anémil

communication errors and delays. This involves o$ea

hardware architecture that will be used in positignthe
hardware modules of the system
microcontrollers and processors.

The proposed controller will use a hierarchicalh@ecture
where each axis will have its own servo controléerd a
supervisory controller which is likely to be a Wiafaike will
be responsible for
distributed nature and the multi-structure of thighitecture
will enhance reconfigurability. Even though the eleitalized
architecture seems to be more reconfigurable thiaa
hierarchical architecture, its performance is higikely to be
affected by communication nodes and the decisios mvade
to stick to a fail safe hierarchical architecture.

V. KINEMATICS AND DYNAMICS ANALYSIS OFA
GENERAL5-AXESRMT

Nowadays most machine tools are made of at leasx€es
commonly three translational degrees of freedomKp&ong
the X, Y and Z axes and two rotational DOF. Anytlud axes
or a combination of axes can be chosen to accommeither
a tool holder or a workpiece and the different a@unfations of
the machine tool can be drawn from that aspect.
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Figure 1: An example of a machine tool

The Denavit-Hartenberg representation, a 4x4 hommge
transformation matrix is used to represent the rkiécs
relationship between links [7]. A coordinate systisnattached
to each link as illustrated in fig. The represdotet for a
rotary joint is

cosfd, -cosa,sing, sina;sing, a; cosg,
i sing, cosa; cos, -sinag; a; sing,
=l o . (1)
sina,; €0saq; d
0 0 0 1

including sensors,

while the first two rows of the™column are replaced by 0's
for the linear joint. §; and dare joint parameters for th& i
rotary and linear joints respectively.

monitoring the entire system.e THn order to obtain the orientation of one link &lation to the

other which is normally referred to as direct kiradits, a
direct multiplication of transformation matriceslivde done as
follows;

oT. =A A, .......... I
X ¥ z p|_|°R “p @)
1o 0o o 1| |0 1

where °R; and %p; is the orientation matrix and the position
vector of ith link from the base/original link resgively. Even
though the kinematics can be used to describe thtgomof
the links, they do not take into consideration theces that
cause the motion. Therefore further analysis ofiyreamics of



the system was undertaken. The control torque mspcoed
from

7(t) = D(q) q(t) + h(a, &) +c(a) 3)

where q represents either one of the joint paraméiend d
while h(g,q) and c(q) are the Coriolis and gravibading
vectors respectively. D(q) is an nxn (where n repn¢ the
number of D.O.F) and is given by

D(@) {%{m% (@73, @+, @ °R@I, R (@ J,, (q)}} . @

with m being the mass of link i. J is the Jacobian maikvit
determines the velocity relationships. It is cated by

(®)

The upper part of equation 5 is used if the jogratational
while the lower part is meant for a linear joint drder to
achieve steady end effector motion along any coatdi axis,
it is imperative to combine and run motions of was joint
motors simultaneously at different time varyingesafFu et al).
This type of control is called Resolved Motion R&entrol
(RMRC) with the equation of motion

at) = AT (@I (@A (@ X() (6)

derived from a non-linear

x(t) = fla®)] ()

VI. CONTROLLERIMPLEMENATION

The control functions are going to be implementeddftware,
therefore a good RTOS is essential. Real-time (RAYLwill
be used as the RTOS. In addition to being an operce
platform, RT-Linux has short scheduling and intptru
latencies [1]. It was shown to have a worst cabeduling
latency of 25 psec on a 300Hz and 128 MB Pentium I
machine while the PC’s earmarked for the projewelthe
processor speed of more than 1 GHz and are equipitiect
least a 1GB of RAM.

RT-Linux OS$§

Figure 2: An example of the implementation [1]

As initially indicated the hard real-tasks will bdirectly

implemented on RT-Linux. Other tasks will be impkated

on the normal Linux operating system. It has beamd out
that a lot of manufactures use Microsoft windowssdih
operating systems. One of the goals of the prejastto create
a controller that could be ported to existing systewithout

having to make major changes, hence it is necessarseate
an interface for allowing using of windows basednfrend

os.

The hardware implementation would adopt the haiaal
architecture which promotes reconfigurability. Algwoper
positioning of sensors would lower the communicaidelays
while at the same time enhancing real-time properti

A communication network which will be responsibler f
providing reliable and temporally predictable megspassing
[6] between nodes will be adopted. The broadcast laus
topologies are currently the most common as theyige
simultaneous arrival of signals at different tasksl are cost
effective. At lower level Serial Real-time Commurnioa
system (SERCOS), a digital interface for communicatio
between industrial controls and input/output (I/@¢vices
would be further investigated for possible impletagon.
Moreover the ability of SERCOS to coexist with other
protocols like Ethernet makes it more suitable for
implementation. Process Field Bus (PROFIBUS) istlzro
communication interface which is normally used foemte
sensors and actuators will also be investigatedrebier
Controller Area Network (CAN) bus, a computer neatkvo
protocol would be explored.

A separate project is being carried on to credibrary of the
components of machine tool so as to provide theessery
equipment for generating different machine toole Tasultant
control system should be able analyse a CAD mofléeh®
generated machine tool and perform the dynamiclysem A



suitable control law will be selected for any pautar
configuration of the machine tool. Fig shows thesichal
procedures for the motion control implementation.
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Figure 3: Motion control [8]

The end user should just have a detailed graphisar
interface (GUI) illustrating the actions of the rhaee tool. Fig
is an example of the GUI.
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Figure 4: A graphical user interface [9]

VIl. CONCLUSION

The need for a manufacturing system that can beklyui
changed both at hardware and software level totadappidly
changing markets intensified the need for modulachme
tools and open architecture controllers.

The paper presented the steps that are going fallbeed
in developing an open architecture controller thiit be used

for controlling different machine tools or diffeten
configurations of machines. Although a number ahikir
project have been undertaken they have fallen sioerms of
openness of the controller and in meeting the tieed-
requirements. It is expected that at the end, &alter that is
capable of handling kinematics and dynamics conéigions
will be produced. It is expected that the archiieetof the
controller will be open to new activities within eth
manufacturing environment and it will be flexiblaceigh to
quickly adjust to varying production requirements.

The proposed controllers will be first modelledngsithe
above mentioned tools and tested on virtual platfodpon
successful implementation on a virtual platformwibuld be
tested on a real testbed which is still to be dzyed.
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