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Abstract: In this work we present the design of a software system

for integrated discrete event and motion oriented simulation of

flexible manufacturing systems, through a cooperative action
between the TPK-Berlin, Germany. and the Instituto de Automatica-
San Juan, Argentina. Such a computer ool represents a
contribution to the design and evaluation of Mexible manufacturing
systems dynamics, with the particular feature of considering both
discrete and continuous motion dynamies. This appreach leads to a
more complete and realistic evaluation of the systems concerned.
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1. Introduction

The real-time control of Flexible Manufacturing
Svstems (FMSs) is a complex task including the
real-lime management of factory operations (CAM:
Compuler-Aided Manulacturing) as well as its
integration with the direct control of machinc tools
or robots (CIM: computer integrated
manufacturing).  Generally.  such  systcms — are
decomposed into various “abstraction levels".
Although similarities exist. specific models and
methodologies are used at ecach level for
specification, validation. simulation and
implementation [1].

Simulation is an important step in the design and
evaluation of FMSs. It is desirable that simulation
includes discreic cvent as well as motion and
process components simulation to fully evaluale the
system's performance. In this work we proposc the
development of an integrated discrete cvent and
motion oricnted dynamics simulation systcm.

One aspect is the development of the model of the
FMS discrete co-ordination system. W¢ proposc i
methodology for modelling and validation based on
Petri Nets (PNs). of which theory of analysis is
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well-founded and allows the properties and
performance indices of the models to be obtained
[2. 3. 4. 5], Functional analysis using computer
simulation is uscful to validate FMSs modeled by
mcans of PNs.

Time paramcter presence in the models allows to
consider the dynamic cvolution of the resources
which composc the FMS under study and to
consider temporal relationship among resources for
completing the' proposcd tasks [6]. The simulation
phase  makes it possible a qualitative and
quantitative validattion of the PNs models and
allows (o represent the dynamics ol the basic
coordination control system |7]. The computational
modcl of the co-ordination control system including
time parameter is a type of discrele event system
controller |3].

Beside the above -mentioned discrete event control
svstem. continuous motion control is a further
important aspect for the design and verification of
FMSs. This control tyvpe is related to the
components of a work-cell. An example will be the
control systcm of an industrial robot. Based on a
task description  of an FMS the required motion
can be planned and verificd by using -simulation
techniques. Such aspecls as kincmatic constraints.
sysicms dynamics or specific control procedures are
to bc considered. As a  simulation  result,
performance parameters like the ¢yele time can be
abtained with high quality.

For planning and programming the component's
control systems. the co-ordination with the higher
fevel controt has to be considercd. motion and
process aspects included. This is rcached by the
definition of input and output signals which
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correspond to the activation / execution of motion
tasks. Depending on the structure of the FMS, the
integration of these communication aspects at the
component level asks for a more complex task
program and for additional efforts  towards
evaluating the whole system.

A simulation environment which could provide the
signal states for communication as in the real world
cell would be an useful tool for planning and
verifying the motion oriented FMS components.

2. Discrete Event Modelling and Simulation
of Flexible Manufacturing Systems

Petri Nets approach to modelling FMS

The modelling and control problem of a Flexible
Manufacturing System (FMS) is in its naturc a
hicrarchical problem [8]. Scveral modelling
approaches have been made {9]. Good models arc
needed 1o capture the characteristics of such
systems [1], namely: concurrency or parallelism.
asvnchronous operations, deadlock. conflicts and
event driven.

Systems with intcracting concurrenl componcnts.
such as automated manufacturing facilities. have
been difficult to model with differential cquations
and queuing theory. Generally. such systems arc
deccomposed into  various  "abstraction  levels”.
Although simlaritics oxisi. specific models and
methodologics  arc used at cach level  for
specification. validation. simulation and
implementation. Petri Nets (PNs)  have  been
purposcly designed 1o model these types of systems
[2. 3. 4. 5]. They provide suitable models as

- PNs capturc the precedence relations and
structural  inlcractions ol unpredictable.
concurrent. and asyvnchronous events. In
addition. thecir  graphical  nature  helps
visualise such complex FMS.

- Dcadlock. conflicts. and buffer sizes can be
casily and cfficiently modelicd

- PNs modcls represent  a hicrarchical
modclling  tool mathematically  and
graphically weli-developed. The PNs theon
prevides  an antegrated  mcethodology (o
model  physical  systems and  complex
cogmitive decision processes. such as rule-
bascd expert control.
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Figure 1. Qualitative Analysis of FMS

- PNs models give a structured framework for
a systematical simulation of complex
systems.  There are various software
packages for this purpose {7. 10].

To conclude. we shall say that PNs allow the use of
different abstraction level models and the use of
powerful modelling  methodologies:  refinements
and modular composition. Nets can be used directly
in the modcling process or can be cmbedded in a
higher level application oriented formalism.

Simulation of Discrete Event Systems

Validation analvsis is an cxlensive computation
phasc in the design of Discrete Event Systems like
FMSs |3. 7| Classically. it goes by simulation
(using scveral formalisms) or by using simplificd
nctwork models. There is an extensive bibliography
for simulation concepts, techniques and languages.
Simulation has (o validate the various choices that
have been made in the previous steps of the control
svstem svithesis according to a set of criteria which
may be numerical (machining rates. constraints
deadlocks. possible chiange of working modes,...) or
qualitative (abscence of deadlocks, possible changes
of working modes. ...). In order to both validate and
1est the dyvnamic behaviour of the system, there has
been developed a simulation program which is able
to interpret the model types used for FMSs.
Stmulation means first to detect errors in modelling
by cxplaining and correcting them. and sccondly,
10 optimizc the global behaviour of the system with
respect to a "modification/simulation” loop (Figure
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Figure 2. Quantitative Analysis of FMS

1). When the results of simulation are judged
admissible, the implementation phase will then be
considered.

Qualitative and Quantitative Analysis of FMS
The design process of FMSs is a relatively complex
task. Thus, it is very imperiant to validate the
significant steps of model building/transformation
before going on (o the implementation [1. 3]. The
phase of the design process is called qualitative
analysis of the models. An outstanding aspect of
modeling tools like PNs is their capacity [or being
analysed in order to check if the constructed model
proves some specification properties. Among these.
synchronic properties - safety properties (distance.
vlaces mutual exclusions. cic.) and activity
properties - liveness propertics (dcadlock-freedom.
liveness, home states, etc.) can be studied.

High cost of FMSs makes the quantitative
analysis of these systems (Figure 2) crucial. In the
design of new FMSs. the machines. the layout and
the transport system are sclected and dimensioned.
Performance estimates at this stage need not be
very accurate. and relatively simplificd models can
be used. Adopting a design or a shoplloor requircs
a detailed optimization modcl. In conducting
studies, huge simulation models and scnsitivity
analysis are fundamental. Performance evaluation
of FMSs [1. 6] dcals with issucs like: how many
machines. and/or automatic guide vehicles (AGVs).
which transport topology and routing strategy arc
best to obtai:

- higher throughput. and/or

- small make span and/or

- more balanced flows.

3. Motion Oricnted Simulation of FMS
Approach to Modclling

For simulation, computer internal representations
which reproduce the components of a FMS, will be
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needed. These represeniations are called simulation
modcls. They should be structured in an unique
way. and be applicable o all system components. In
[T} the following structurc is proposed for the
motion simulation (Figure 3):

- shape models which describe the 3-D
represcntation of components.

- kincmatic models which contain the frame
relations of componente. and

- motion models which describe the motion
behavior of components.

A 3-D modclling of all rclevant components of an
FMS svstem will be nccessary in order to analyse
planned motions with respect to collision. Shape
models can be derived from 3-D representations of
CAD systems. For an ellicient visualisation of
motion simulation the conversion to suitable
graphical models (e.g. polvgon model) is required.

An important aspect concerning the requirements
for ccll modelling and molion simulation consisis
in the determination of fames and frame relations
(framc concept). Therehy cach eomponent or sub-
component is associated with a frame to describe
the position and oricniation in space. Using
homogencous coordinates all frame relations can be
calculated by uniform matrix operations.

Every kinematic structure can be described in terms

1

of joinis and lhnks Jomnts Kivcmatic pairs
restricting the motion boivwoeun o nga obocts
called links. This mcans the kinenic jornd cotinegs

where conncctions between two paits (links) exist
which allow relative motion. The kincmatic link
represents the topological information associated
with a rigid part of a mechanism.

While it is possible to use an arbitrary frame
attachced to cach link. it is helpful to be systematic
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in the choice of these frames. A commonly uscd
convention for sclection frames of reference in
robotics is the Denavit-Hartenberg. or D-H
convention [12].  This notalion requircs a
coordinate system whose oricntation 1s bascd on
cach pair axis and thc common perpendicular

Deriving the dyvnamic cquations from motion
different methods can be used. e.g. Lagrange's
cquation. Newton-Eulers's cquations or Appel’s
cquations [16]. For modeling and simulation of
dvnamcis ol multibody systems many software
packages arc  available.  An  overview  and
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Figure 3. Reference Model for Motion Simulation

between successive pair axcs. and that cach co-
ordinate system thereby remains rigidly attached 1o
the link containing both pair clements [13]. The
four parameters uscd in the D-H notation. arc the
cssential paramcters which decribe the ‘shape” of
each link and its motion with respeet to the
previous  link in the kinematic loop  being
considered. Based on D-H a generalized notation
for gencral kincmatic  structures  has  been
introduced by Sheth-Uicker [14]. This nolation is
used for the definitions of a standardized kinematic
description in the frame of 1SO (ISO 10303, part
105).

The kinematic modcl is rclated to the ‘geometny of
motion’ . which mcans the possible motions to be
performed by a mechanism. In some cascs also the
analysis of the dyvnamic propertics arc of interest.
Considerations of kincmatics play a central role in
dynamics.  But  furthcrmorc  masses.  mass
distribution and forces arc 1o be considered. In
addition to the rigid hnks. the complele description
of mechanism dynamics includes the dynamics of
the actuators that produccs the forces and torques 10
drive the mechanism. and the dynamics of the drive
trains that transmit the power from the actuators (o
the links [15.12].
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comparison ist given in [17].

Motion models are required for all components
which can generate a motion (¢.g. industrial robot,
gripper.  convevor.  revolving  table).  These
components  can  be  characterized as  active
components. Their drives can be controlled by
numerical controllers including feedback loops or
by simplc on / off switches using a PLC. In the case
of an industrial robot the motion model is
represented by a model of the bchaviour of the
robot controller (controller model).

Modclling of the motion bechaviour can be realized
on different levels of abstraction. For modelling
and simulation of control structures. general -
purposc  softwarc  packages arc  available.
Simulation as a tcst method for task programs
needs a more accurate modeling. Since different
controller tvpes possess different task languages.
motion generators  and  methods  for  inverse
kincmatics. special controller models are required
lor an accurate motion simulation of cach type.

Simulation of Motion Oriented Systems

Simulation of motion oricnted systems requires the
functional conncction of the above mentioned
modcls. In the case of an industrial robot (IR) this
is as follows (Figure 4): The robot task program is
loaded into the control model of the IR. This
control modcl interprets the task program and
supplics the kinematic model with the joint values
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of the links. Within the kinematic model the frames
describing position and orientation of each robot
part are calculated. Connection of these frames to
the relevant shape models enables the visualization
of the robot motion on a graphic screen [18]. The
same procedure can be applied to all active
components of a workcell. For those without an
own motion generator (passive components, e€.g.
workpiece) no motion models are needed. Their
motion is described via the linkage with active
components.

Simulation can be done on different levels of detail,
depending on the planning task to be assisted.
Selection of components and layout planning for
FMS can be performed by more abstract models,
e.g. using the nominal kinematic values out of data
sheets or using a generalized motion planning
module. Simulation as a tool for task programming
requires the modeling of the specific behaviour of
each component.

extensive on-side adaptions can be minimized or

avoided.

In summary the main results of motion oriented

simulation are:

- the check of the practicability of planned
layouts,

- the test of the feasibility of task programs,

- the determination of cycle times, and

- the collision check

The above mentioned feasibility test contains

testing of the defined trajectories related to

positions, orientations, velocities, and accelerations

[19].

and

4. Integration of Discrete Event

Motion Oriented Simulation

Integration Approach
The overall integrated systems concept is shown in
Figure 5. Integration of discrete event and motion
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Figure 4. Example of Robot Motion Simulation

Simulation systems available on the market
consider these different requirements and provide
for example generalized task description languages
applicable for all cell components but also native
languages for individuell motion controllers.

Evaluation Results

Motion oriented simulation is a helpful tool for
system and task planning in the field of flexible
manufacturing systems. Alternative system layouts
can be modelled and simulated before a specific one
be implemented. This leads to more accurate
planning data and in general to optimized
solutions. In the frame of off-line programming,
task programs can be generated and tested before
transfer and execution at the real system. Cost
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oriented simulation can be analysed from different
viewpoints. Discrete event simulation including
time parameter requires estimated or calculated
time values for processes and operations to be
executed in the modelled system. Accurate cycle
times could be provided by motion oriented
simulation. Motion oriented simulation has to
consider process related commands, interactions
with peripherals, and communication with higher
control levels. These signals / information could be
provided by discrete event simulation. From the
global view of FMS planning the tasks to be
performed are to be subdivided into sub-tasks on
different levels, to reduce the planning complexity.
This sub-tasks can contain event control or motion
control aspects. The allocation of task execution to
devices (e.g. cell controller, robot controller) can be
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done after modcling and simulation of the overall
system.

To consider this different viewpoints in a first step
a common reference model for FMS planning
(planning procedure) has 1o be claborated. In a
second step suitable interfaces for the integration of
discrete event and motion oriented simulation have
to be identified and specified. A first dralt is shown

in Figure 6.

Expected Improvement in FMS  Design  and
Evaluation

In order to achicve these two main improvements,
new softwarc has to be implemented by using
discretc cvent and motion oriented simulation.
With this software. an off-line simulation can be
performed during the production planning phase
for the desipn and cvaluation of a FMS. This
software is also used to determine the process
control paramecters for satisfying -insofar as
possible- the following main objcctives: short lead
times  for orders.  minimum workshop and
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\\ Pre-Condition
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Figure 6. First Integration Approach
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warehouse stockage levels, low transportation costs,
and investment optimization.

Based on the above viewpoints, the present work
aims to develop an integrated computer-aided
system to reach the following main objectives:

1. to obtain the detailed planning of flexible
production systems using a computer
discrete event and motion oriented systems
tool.

2. to develop an integrated computer internal
model of the system under study, taking into
account its discrete event characteristics.

3. to validate the FMSs modeled with tools like
Petri Nets

4. to simulate and test the task execution for
every equipment of the planned production
system with regard to its kinematic and
dynamic evolution

5. to link the computer tools for discrete event
systems and motion oriented system designs,
in order to obtain a complex software
package for helping the FMS system
designer.

S. Conclusion

Since simulation is an important step in the design
and evaluation of FMSs, it is desirable that it
includes discrete event as well as motion and
process components simulation to fully evaluate the
system's performance. In order to aid the designers
of FMSs to design and examine manufacturing
system dynamics quickly and effcctively, we
propose in this work the devclopment of an
integrated discrete event and motion oriented
dynamics simulation system.

The real time control of Flexible Manufacturing
Systems (FMSs) is a complex task including the
rcal-time management of factory operations (CAM:
Computer-Aided Manufacturing) as well as its
intcgration with the direct control of machine tools
or robots (CIM: Computer  Integrated
Manufacturing). This work intends to produce a
contribution to the design in the CIM field, by
integrating the two main computer-aided design
tools previously cited and developed by the IPK
(Berlin, Gerrmany), and the Instituto de
Automatica (San Juan, Argentina).
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