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Abstract. This paper describes a computationally efficient method for synthesising

feedback controllers for plants modeled

by Petri nets while illustrating the method

with a running example of a manufacturing system, The controller, 2 Petri net it-
self, computed using the concept of Petri net place invariants, enforces a set of linear
constraints on the plant. Computationally efficient and sutomatically derived tech-

niques are given to deal with uncontrollable
recomputation of the controller due to senso

transitions in the plant and the on-line

r failures.
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1. INTRODUCTION

A Petri net supervisor which enforces a set of linear
constraints on the marking behavior of a Petri net plant
can be efficiently computed using a simple matrix equa-
tion. It has been shown by Moody et al, (1994) and
Yamalidou et al. (1996) how to derive these controllers
using tbe concept of Petri net place invariants; see Mu-
rata (1089), Peterson (1881), and Reisig (1985) for de-
scriptions of the algebraic representation and ptoper-
ties of Petri pets. Supervisors constructed in this man-
ner are identical to the monitors of Giua ef al, (1992).
This supetvisory control method (Ramadge and Won-
ham, 1989; Wonbam and Ramadge, 1987) is & powerful
means of realising these linear constraints because it is
simple to calculate, and the Petri net structure of the s0-
lution makes the controller easy to implement, Unforty-
nately this method can not be directly applied to plants
that contain uncontrollable or unobservable transitions,
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le. plant transitions that either can not be preveated
from firing when enabled, or that can not be detected
when fired. When the plant contains these kinds of tran-
sitions, it is often possible to implement a Petri net con-
troller, but this controller can ne longer be caleulated
directly from the control goals. In order to deal with un-
controllability and unobeervability, it is first necessary
to transform the original set of plant constraints into
a set which accounts for the problem transitions. Once
this transformation has been computed, controllers can
be automatically generated from the set of transformed
constraints. Li and Wonham (1993; 1994) have shown
how the transformation can be performed by symboli.
cally solving a linear integer programming preblem. An
alternate approach is proposed kere, showing how the
transformation can be performed in a computationally
efficient maoner using matrix row operations. Pomible
uses for the types of plant constraints which can be im-
plemented, &3 well as the control method itself, are il-
lustrated with the example of a manufacturing system.

The paper is organised as follows. Section 2 outlines the
methods for modifying plant constraints to account for
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uncontrollable plant transitions. A piston rod assembly
robotic manufacturing cell plant model is presented, and
an appropriate supervisor is computed for it in section
3. The idea of uncontrollable transitions is extended to
unobservable {ransitions in section 4 where & new con-
troller is designed to account for & sensor failure in the
assembly cell. Section 5 contains concluding remarks.

2. UNCONTROLLABLE TRANSITIONS

The system to be controlled is modeled by a Petri net
with n places and m transitions and is known as the
plant or process net. The incidence matrix of the pro-
cess net is D,. It is possible that the process net will
violate certain constraints placed on ita behavior, thus
the need for control. The controller net is a Petri net
with incidence matrix D, made up of the process net's
transitions and & separate set of places. The controlled
system or conirolled net is the Petri net with incidence

matrix D = g’ made up of both the original process

£
net and the added controller. The goal is to force the
process to obey n, linear constraints of the form

Ly, <b (1}

where 4, is the marking vector of the Petri net mod-
cling the process, L is an n, x n integer matrix, b is
an n, dimensional integer vector and n. is the number
of constraints. Note that the inequality is with respect
to the individual elements of the two vectors, Ly, and
b, and can be thought of as the logical conjunction of
the individual “less than or equal to” constraints. This
definition will be used throughout this paper whenever
vectors appear on either side of an inequality sign.

A maximally permissive Petri net controller (Giua et
al., 1992; Moody et al., 1994) which enforces constraints
(1) when included in the closed loop system D is defined
by the incidence matrix

and the initial marking
Hep = b~ Ly, (3)

assuming that the transitions with input arcs from D,
are controllable and that the constraints are not contra.
dictory, i.e. ye, > 0.

Consider the situation where the controiler is not al-
lowed to influence certain transitions in the plant Petri
net, These transitions are called uncontrollable, It is il
legal for the Petri net controller to include an arc from

one of the controller places to any of these uncontrol-
lable plant transitions.

Let D, be the incidence matrix of the wncontrollable
portion of the process net. D, is composed of the co-
lumns of D, which correspond to the uncontrollable
transitions. Recall that, assuming no self loops, posi.
tive elements in an incidence matrix refer to arcs from
transitions to places, and negative elements refer to ares
from places to transitions. D,, € Z™*™ where ny, is
the number of uncontrollable transitions. Given a set of
constraints, Ly < b, the Petri net controller given by
D. = -LD, violates the uncontrollability constraint if
LDy, contains any elements greater than xero. The un-
controllability constraint dictates that we can not draw
any arcs from the controller places to the traasitions,
and the portion of the controller corresponding to the
uncontrollable transitions is given by —LD,., thus the
elements of LDy, must all be less than or equal to sero,

Suppose we are unable to meet the uncontrollability con-
straint, i.e. we have positive values in the matrix LD,
It is necessary to transform the constraint vector L such
that the original constraint of Ly, < 5 is still main-
tained, while obeying the uncontrollability constraing.
The constraint transformation will take the form

Dp <V (4)

where
=R+ RL . (5)
V=Ry(b+1)~1 (8)

R, € Z7*™, Ry € Z™*™_ 1 is an n. dimensional
veetor of 1's and

Ryp, >0 for all possible u, (7

R is a positive definite diagonal matrix (8}

It is shown in (Moody et al, 1995) that any controller
which enforces L', < ¥ will also enforce Ly, < b

In order to meet the uncontzollability constraint we need
L'Dy; < 0 which will insure that the controller contains
o arcs leading to the uncontrollsble transitions in the
plant. We need

(R 8a] [ 2 | <0 (%)

Thus if R, and R; can be found which satisfy inequality
(9) and satisfy assumptions (7) and (8) then a controller
can be synthesised which enforces Ly, < b and does not
contain any input arcs to the uncontrollable transitjons
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in the plant. In general Ry and R; are found by per-

D, . .
LD,. ] . This procedure is
demonstirated in the following sections.

forming row operations on

3. PISTON ROD ROBOTIC ASSEMBLY CELL

The automatic control concepts discussed above are il-
lustrated here using the example of a piston rod assem-
bly cell which is taken from chapter 8 of {Desrochers
and Al-Jaar, 1995). The Petri net model of the plant
is shown in Fig. 1. Table 1 details the meaning of each
place in the net. A token in any of the Petri net places
signifies that the action or condition specified in Table
1 is taking place. The piston rod assembly is performed
by two robots, and the primary feedback mechaniam is
a vision system. An S-380 robot is used to prepare and
align the parts for assembly, and an M-1 robot installs
the cap on the piston rod. The specific duties of each
robot are described below.

S5-380: The S-380 robot remains idle until a new engine
block and crank shaft become available. This event is
represeated by the appearance of a token in place p,
in Fig. 1. The firing of transition #; indicates the start
of the process. At this time the S-380 moves the crank
shaft into alignment and brings & new piston rod into
the work area. These actions are represented by places
Pa and p3. The firing of transition ¢ indicates that the
5-380 has completed it duties for the particular engine
block.

M-1: The M-1 robot starts its duties by picking up a
piston pulling tool (place p,) and, assuming the S-380
has brought a piston rod into position, pulls the piston
rod into the engine block and replaces the pulling tool
(place ps). The M-1 then picks up & cap and secures
it to the piston rod using two bolts (places pg and 1)
The firing of transition g indicates that the M-1 has
successfully installed the cap and the engine block has
been conveyed out of the work space. At this time work
can begin on a new engine biock.

Worknmdm,m;imblodnndmnkuh&ftuldr.

$-380 robot aligns the crank shaft.

$-380 robot picks up new piston rod sod positions it.

M-1 robot picks up the piston pulling tool.

M-1 robot positions piston rod and returns pulling tool.
_M-1 robot picks up & cap and positions it on piston rod.

YRRy

M-1 robot fasten cap to piston rod using two bolte,

Table 1. Place descriptions for the piston rod
assembly Petri net of Fig. 1.

The incidence matrix, D,, and initial marking, Hyo, of
the plant are given by

Fig. 1. The base Petri net model for the piston rod
robotic assembly cell,

D, = =

|‘-1ooooool‘?;'
1-1 00 06 0 0 of Jo
¢ 1-10 0 0 o0 of [o
00 01-1 0 0 of |of (10
0 0 00 1-1 0 o] |0
00 00 0 1-1 o) o

L 0.0 00 0 0 1-1] |o]

There are a number of constraints that must be im-
posed on this assembly cell in order to propetly synchro-
nise the robots and to insure that physical limitations
are obeyed. There is only one 5-380 and one M-1 robot
available for the assembly process, thus only one of each
robotmheworkingumygimtime.l’hmpgmd
P3 represent activity for the S-380 and places py, px, pe,
and py represent activity for the M-1, thus

H+ps<l (11)
Botpstug+pr <1 (12)

The plant graph already insures that the S-380 will not
begin its task until an engine block and crank shaft are
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available and the work space is clear, however we need
to make sure that the M-1 does not try to pull the piston
rod into the engine until the 5-380 has finished aligning
the crank shaft and readying a new piston rod. In other
words, we must insure that transition t; does not fire
until after tzansition ¢3 has fired. A review of the graph
structure of the plant net shows that we can write thia

constraint as

(13)

Note that this constraint allows the M-1 robot to ready
its pulling tool, the task of ps, at the sarne time that the
$-380 robot is performing one of its tasks.

There are several finite resources that are used in the
assembly process. A piston rod is readied at py, a pulling
tool is required at py and p, a cap is required at pg, and
two nuts are used at py. The plant controller will need
to know if any of these resources is unavailable in order
to stall operation until the parts are ready. It is possible
to provide the controller with the necessary hooks to
manage these resources by associating a constraint with
each of the places (or sets of places) that requires the
use of a finite resource:

Mitpmatpstustpetpr<l

IR (14)
Be+ps<1 (15)
He<l (18)
pr<l (17)

One final constraint placed on the assembly cell involves
the smooth and uninterrupted operation of the M-1 ro-
bot. Perhaps due to the nature of the M-1 robot’s dy-
Bamics or programming, we would prefer that its oper-
ation not be interrupted from the point that it pulls the
piston rod into the engine block until it has completed
fastening the cap on the piston rod. We can model this
constraint by marking transitions g, {7 and 25 as uncon-
trollable. Thus we have told the controller that once a
token passes into py, it can not stall the plant's Progress
until thetokenhupauedontopheupg,prmdcom-
Pletion. This means that if the controller does want to
stall the M-1 robot, it should do it before it starts its

-

primary operation.

Constraints (11) ~ (17) are now combined so that all
of the constraints can be expressed in the single matrix
inequality Luy < b. The controller which enforces these
constraints will have seven places (one for each row of
L), but first we must insyre that our constraints meet
the uncontrollability condition. Transitions 4, ¢y, and
14 are uncontrollable, so the matrix D, is composed of
the last three columes of D,. The matrix LD,, must

70

be checked for any positive values, which would indicate
that the current copstraints would violate the uncon-
trollability conditions.

[0 0 0

0 0-1

00 o0

LDug'—" 0 0 0
-1 0 0

1-1 0

[ 8 1-1]

Rows 6 and 7 of LD, contain positive values, thus it
will be necessary to manipulate the sixth and seventh
constraints (constraints (16) and (17)) so that their en-
forcement will not generate a controller with ares di-
rected toward the uncontrollable transitions. Based on
the procedure outlined in section 2, the offending rows of
LD, can be climinated by adding rows from D,,. Keep-
ing tzack of the row operations performed will yield the
matrices R, and R; which will be used to generate the
transformed constraint matrix L', The row operations
are as follows.

Rows6and7 _ [1-1 o
of LD, =10 1-1
Add ow 5 of Dug 0 -1 0
Add row 8 of D, = 1 0-1
0-1 0

Addrow5of Dye — |0 0 -1

The row operations performed above correspond to the
following transformation in constraints (16) and (17):

Be<1=ps+pg <1 (18)
Br<l=pstps+pr<i (18)
(20)

It is now possible to calculate the controller using D, =
~L'Dy = (R, + R3L)D, where R; and R; are derived
from the row operations above. The controlled net is
shown in Fig. 2 with the controlier arcs shown as dashed
lines and the controller places highlighted in bold. Table
2 describes the meaning of each of the controller places
when a token is present within them. Note that place
¢3 insures that the M-1 robot will wait to start working
on the engine block until the S-380 has completed its
task, but it is capable of readying the piston pulling tool
while the S-380 is working. Also note that the controlier
directs no arcs to the uncontrollable transitions, however
it still manages to enforce constraints (16) and (17).
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S-380 robot is available for work,

M-1 robot is svailable for work,

5-380 robot hes completed preparstions.
A piston rod is available., _

The piston pulling tocl is svellable.

A cap is swailable,

Two nuts are svailable,

Jejaleielale

Table 2. Descriptions of the controller places
in the Petri net of Fig. 2.

O s -

Fig. 2. The assembly cell model with Petri net controller.
4. HANDLING SENSOR FAILURES

Uncontrollable transitions can be used to model the
progress of irreversible processes, they can be used to
probibit undesirable control actions, as in section 3, or
they can be used to model the failure of an actuator. In
the case of an actuator failure a controllable transition is
replaced with an uncontrollable one which requires some
compensation on the part of the controller or the plant
to be shut down. In this section, an analogous concept to
uncontrollability, unobservability, will be explored. Un-
observable transitions are analogous to uncontrollable
transitions both in use and how they are handled ana-
lytically. Unobservable transitions may represent events
which the controller can not detect, or which are too ex-

71

pensive or inconvenient to detect. An observable tran-
sition may be replaced with an unobservable transition
in the case of a sensor failure, and this is the situation
which will be used to illustrate these concepts here.

The piston rod assembly cell preseated in (Desrochers
and Al-Jaar, 1995) uses a vision system to provide sen-
sory feedback to the controller. Suppose that an obstruc-
tion has appeared between the camera and the work
space, partially obscuring the view of the M-1 robot’s
area. The controller can still observe the M-1 robot start-
ing and completing its task, but it can no longer track
the robot while it performs its duties. Transitions ts, ts,
and ¢y have become unobservable. This means that there
should be no arcs from any of these transitions to the
controller places. Let D,, be a matrix composed of the
unobservable columns of D,, in this example D,,, is com-
posed of the fifth, sixth, and seventk columns of D,.
Unobservable transitions are handled analogously to un-
controllable ones by checking whether L'D,, contains
any ncgative numbers. If L'D,, does contain any neg-
ative pumbers then we will perform row operations on
L'D,, to create & new matrix L” which obeys the con-
straints. ‘The new controller incidence matrix will the be
given by D, = ~L"D,.

First we observe that the controller needs to be modified
to meet the unobservability constraint.

[0 9
0 0

L'Du. =

oOrocoo0o0o0o

-
|
co~oo

e -

The fifth and sixth rows of L' D,,,, correspanding to con-
straints (15) and (18), will need to be modified to elim-
inate the two —1's. Row operations are performed as in
section 3 creating the following transformations in the
constraints:

KtmSiamtptpetpr<l  (21)
B+S5+pe <1 tps+pr<i (22)

The new constraint matrix, L” is then derived from the
row operations, and the modified controller is ealculated
using Dec = —L”D,. The controlled system is shown
in Fig. 3. The unobservable transitions do not contain
arcs to the controller places. Note that the condition of
unobservability has caused places ¢; and ¢s to perform
the same function. The same is true for places cg and
cr. These places should not be considered redundant
because, even though they perform the same functions in
the Petri net model, they represent different resources.
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Fig. 3. The amembly cell model with a controller that
accounts for a sensor loss making transitions i, ig
and ¢y uncbservable.

5. CONCLUSIONS

This paper has presented a particularly simple and com-
putationally efficient method for constructing feedback
controllers for untimed Petri nets, even in the face of
uncontrollable and unobservable plant transitions. The
method is based on the idea that specifications repre-
senting desired plant behaviors can be enforced by mak-
ing them invariants of the controlled net, and that sim-
ple row operations on a matrix contsining the uncon-
trollable/unobservable columns of the plant incidence
matrix can be used to eliminate controller use of illegal
transitions.

The significance of this particular approach to Petri net
controller design is that the control net can be eom-
puted efficiently and automatically based on the plant
constraints. The method shows promise for controlling
large, complex syatems, or for recomputing control laws
online due to some plant failure, such as the ioss of &
required resource, the break down of an actuator, or the
corruption of a sensor.
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