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Abstract: Flexible manufacturing systems (FMS) play an important role in industrial automation.
They belong to a class of systems known as discrete event systems (DES) representing varying events
with time. The modeling and control of such systems poses a challenge of handling uncertainties in
resources and sequences for optimization. Presently the tools used for modeling such systems
including Petri nets are constrained in the face of uncertainties in the system. A modified approach
using new fuzzy logic formalism in Petri nets is proposed in this paper as a solution to overcome the
problem. The utility of this formulation is that apart from the validity, it is adaptable to practical
implementation in sequence controllers normally employed in FMS.

Keywords: flexible manufacturing system (FMS), fuzzy Petri nets, programmable logic controllers
(PLC)

Introduction

The behaviour mapping of systems has undergone rapid change with advances in technology.
The representation has become digital with state description of the behaviour. This manifestation is
called discrete event systems (DES), exhibiting properties such as non-determinism, conflict and
parallelism [1-3]. Supervisory control theory (SCT) [4-5] is chosen as a modeling paradigm and
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programmable logic controllers (PLC) [6-8] as an implementation tool for DES. This work investigates
the use of fuzzy Petri nets in supervisory control and suggests a modified and improved version called
fuzzy automation Petri net (FAPN) as a modeling tool. It presents a systematic approach to the
synthesis of fuzzy-Petri-net-based supervisor for the forbidden state problem using supervisory design
procedure. The controlled model of the system can be constructed from this FAPN net structure. The
implementation uses the flexible manufacturing system (FMS) as an example of DES. The results can
be interpreted and applied to high level manufacturing systems, where the role of the supervisor is to
coordinate the control of multiple machines, or to low-level manufacturing systems where the control
function is to switch on/off with respect to the dynamics between different valves.

Description of an FMS

The FMS shown in Figure 1 represents a packaging process that can be controlled by a
programmable logic controller. In this application the objective is to control the speed of two
conveyors which are used for packaging products. The strategy is to optimize the speed of a motor
driven belt conveyor so that productivity in terms of packaging is achieved.

Figure 1. Schematic picture of the FMS considered for operation

Products are carried at irregular intervals in both the right conveyor (Cr) and left conveyor
(Cr). The speeds of both conveyors are controllable. The processes in the conveyors Cr and Cp are
identical and are as follows. Both conveyors are started together and the system will wait for a signal
from either the sensor in Cr (designated as Sgr) or the sensor in the Cp, (designated as S;). Suppose Sg
(a box is detected on conveyor R) occurs (if not it will check for left conveyor), the hopper feed
conveyor is moved towards right (HCR). Now if the box has arrived at the box detector of the right
conveyor Dr (Dr occurs), the hopper valve is opened (V;). The valve remains open for a time T and
then it is closed (Vo). The conveyors are again started and the flow starts. In the case that the box is
detected first at conveyor L (Sp occurs), the same sequence is followed at the left conveyor. The most
important thing to note here is that in the time interval A; (i.e. the interval between the instant Sg
occurs and Dr occurs), a control action needs to be such that both Cr and Cy. are controlled. The same
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procedure is true for the other cycle. This system represents a typical conveyor system of a process of
the manufacturing system.

Controller Synthesis using the Inhibitor Arc Method

Fuzzy automation Petri net (FAPN) is a variant of automation Petri net (APN) in the work of
Greene [9] and Uzam [10], and is used to capture the uncontrolled behaviour of the system. The
representation of the system using FAPN is as in Figure 2. This is derived as a result of literature
review [11-14]. There are fifteen places, P = {po, p2... pi4}, and ten transitions, T = {t, t,... tjo}, with
firing conditions defined as: y;=10.0, x,=10.0 (same on/off switch for both conveyors for simultaneous
operation), y3 = 10.1, x4 = 10.2, x5 = 10.3, s = 10.4, 7 = 10.5 and ys = 10.6, associated with them for the
first eight transitions respectively. The last two of the transitions are defined by timers. If there is a
token in po, then the conveyor is said to be in on status. If in transition, the token is passed to p, then
the left conveyor is in off status. Similarly, the presence of token in places p; and ps define the on and
off status respectively of the right conveyor. A token in the place of psor ps indicates the presence of
box sensed at the entry of either the left or the right conveyor as can be seen in Figure 2. . A token in
place of py or pio indicates the running of the hopper feed conveyor (HFC) towards the left or right of
the conveyor as in Figure 2. The hopper feed valve (HFV) status is indicated by places p;; and pi».

The initial conditions for the system are the conveyors (Cp and Cr) switched off, the HFC idle,
the HFV closed and the buffer of Cp and Cy full. Conveyors Cp and Cr can be started with a start
switch. Whenever a box is detected at the entry of either conveyor, the hopper feed conveyor if ready
should start moving towards that particular conveyor. In the case that the hopper feed conveyor is
already engaged, it should wait till the operation gets completed. The box travels to the filling station
where it gets filled through the hopper and then finally gets dispatched.

The reachability diagram for the system can be considered in two phases. The first one is said
to be an uncontrolled FAPN model where the flow of events is unregulated and is shown in Figure 3.
There are 57 arcs representing the firing of transitions in the uncontrolled model and there are 19
nodes, M = {My,M;...M;3}, representing all possible markings reachable from the initial marking M.
The events x ={y1, x2...xs} represents the firing of the corresponding transitions T ={t;, t, ... tjo}. All
time delays associated with the transitions are implied although not indicated. “Bad states” in a
reachability diagram will happen under two circumstances: (i) the states are not reached as per
specifications identified as forbidden-state specifications, and (ii) the states are in conflict with the
constraints of the system parameters. Initially, the system specifications are considered for defining the
“bad states”. Such system specifications are called forbidden-state specifications and are denoted as
follows:

(1) The boxes should not leave the conveyor without getting filled.

(11) The hopper feed conveyor should not respond to transition without completing the current
operation.

(111)The hopper feed conveyor should not run till the conveyor in which the box is detected is
stopped.
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Figure 2. FAPN model of a flexible manufacturing system (FMS)

To identify the system with respect to its specifications, all of these specifications are
considered. In addition, the constraints imposed on the system due to operating/working conditions are
also considered. The states which do not agree to any of these specifications are eliminated in the
reachability diagram. When a state is removed, the transitions that lead to it become redundant and
lose their meaning. Consequently all the transitions leading to/from “bad states” are also eliminated.
For example, let us consider a case of M4=[2,3,6,7,8,12]. Here all the conveyors are in the idle state.
This indicates that all the conveyors are idle simultaneously inferring that no useful work is done in the
system. This must be prevented from happening although it is not against specifications per se. Thus,
apart from My, the states My, Mo, M;; and Mj4 in which all the conveyors become idle are to be
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Figure 3. Reachability diagram of the FAPN model

removed from the reachability diagram. This includes all transitions terminating and originating from
the individual states. In addition, there is a state called M6, which when reached in the system does not

lead anywhere. This is because there is no transition that originates at M;s. Therefore, it should be
made sure that M;¢ does not occur. If M4 is to be removed, then as a natural extension, M;; is also to
be removed. Similarly, for states M, and M3, there are no input transitions. They cannot happen in the
flow of the system. The final diagram makes sure that for all defined states, there is a sequence which
will be followed to complete the operation. By following the above sequences, the following
objectives will be achieved:
1. If there is no sign of machine starving or blocking, then keep the production surplus close to
zero. In other words, produce at a rate more or less equal to demand.
2. If an undesirable event (upstream or downstream buffer full or empty) is about to occur, then
ignore surplus levels and try to prevent starting or blocking by increasing or decreasing the
production rate accordingly.

Results and Discussion

The implementation was with a prototype conveyor system in the PC Instrumentation
Laboratory of Manipal Institute of Technology, Manipal, India. A Siemens PLC (CPU 226) was used
to control the process and Step 7 Version 4.0 was used as the software interface for the PLC. If all
possible states in the system are to be considered, there will be an exponential increase in the
reachability diagram resulting in state space explosion problem. The effects of the state explosion
problem on the conventional methods are twofold. The first one is that the computation of the
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supervisor becomes very difficult as the system becomes bigger. The second effect is that the bigger
the system is, the bigger is the number of places and transitions required as the supervisors. However,
this problem was overcome by the inclusion of the system modeling using FAPN. The representations
of states became linguistic in nature and hence eliminated the exact number replica of states in a
system. In addition, the supervisors obtained were correct by construction. For implementation, the
supervisors obtained were converted into ladder logic diagrams (LLD) to be implemented on any PLC.
The design was based on the premise that the DES considered are controllable and observable and the
result can be extended into a wide array of DES. The summary of all the approaches are presented in
Table 1. The applications of these methods could range into different types of DES exhibiting unique
characteristics of uncertainty, vagueness and imprecision. Thus, all modern systems classified into the
domain of DES can be included as systems of interest for implementation.

Table 1. Performance review of methods for FMS

Ladder logic Inhibitor arc Enabling arc Fuzzy automation
method [15] method [15] method [15] petri net method
Number of places NA 14 14 12
used
Number of NA 14 14 10
transitions used
Number of LLD 15 Infinite Infinite 140
rungs proposed

Conclusions

A formal design of fuzzy-Petri-net-based complied supervisors for DES control problem and
their efficient implementation are a challenging problem. In this paper, a flexible manufacturing
system was used to illustrate the applicability, strengths and drawbacks of the design techniques using
fuzzy Petri nets. It is proved by experimentation that application of fuzzy in modelling and
programming for discrete event systems is useful in handling uncertainties. Since the derivation of the
formalism is generic in nature, it can be applied to a wide distribution of DES. In addition, the problem
of state space explosion is eliminated by using fuzzy automation Petri nets (FAPN). The design was
based on the premise that the DES considered are controllable and observable and the result can be
extended into a wide array of DES.
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