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Abstract

The paper addresses the problem of verification of disciatéra logic that is typically im-
plemented by programmable controllers. To make the restiksich a verification approach
useful for the control, an adequate model of the processrwui#rol is needed, which is not
readily available in many cases. To facilitate the deroratf the process model an approach is
proposed in the paper, which combines the calculation @tgalfriented interlock controllers
in terms of supervisory control theory (SCT), the correspaogdalculation of admissible be-
haviour of the system, and specification of desired systesnation by Petri nets. The interlock
part of the logic is designed by SCT while operational proceslare specified by a Petri net,
extended by input and output mappings. A potential deadiotke controlled system is then
verified taking the admissible behaviour model as a procese The analysis of the simul-
taneously operated supervisory control based interlonkrotber and Petri net based sequential
controller is based on the C-reachability graph. The papfrcissed on the calculation of the
graph. A corresponding algorithm is presented and somerksnadout computational com-
plexity are given. The application of the algorithm is ilikeged by a simple manufacturing cell
example.
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1 Introduction sis technique is proposed, which builds a C-reachability
) , . ) graph and enables a detection of any potential deadlock
While the functionality of programmable logic con-jn the system that is controlled by simultaneously oper-

trollers (PLCs) is continuously expanding, the discretgted supervisory control based interlock controller and
control logic remains the core of their operation. Fopetrj net based sequential controller.

a long time, PLCs have been programmed in a rather
intuitive way using specialised graphical programming he motivation for the use of two modelling formalisms
languages such as ladder diagram [1]. Recently, mudh twofold: First, the supervisory control theory is well
attention has been given to formal methods and theguited for the interlock design. SCT is essentially safety
application in design and verification of PLC programseoriented, i.e., it enables the synthesis of a control pol-
This is motivated by the growing complexity of the con-icy that prevents the undesired behaviour of the con-
trol problems, demands for reduced development timigolled plant. In most applications, however, there are
and need for reuse of existing software modules on or@so requirements about desired behaviour of the plant
hand, and on the other hand by increasing demand t#fat should be enforced by the controller. The SCT
society for a better control of technological risks. based synthesis and implementation of controllers that
o . . force the system to exhibit desired behaviour is diffi-
Verification based approaches are dealing with formatult, although some related results are reported in the
ization of the specifications and verification of the proiiterature [12, 13]. Secondly, the Petri net framework
gram against the formal specification [2]. The programprovides an intuitive way of modelling operation se-
passes the verification when the behaviour specified jiences, while the Petri net based supervisory control
the designer satisfies a set of properties. Properties caigthods are less elaborated, especially in terms of event
be checked on the control model only or by consideringeedback, and little synthesis tools are available. The
a model (possibly partial) of the process. The later iroposed combined approach exploits the advantages
a more realistic approach of verification, called modelof both frameworks. Compared to other approaches that
based [3]. are described in the literature, the main advantage of the

T ke th its of such ificati h combined approach is that it eliminates the need for an
0 make the results of such a veritication approach USegitiong| plant model for the purpose of verification of

ful for the control, an adequate model of the process Ulhe sequential controller. The corresponding model is

der control is needed, which is not readily available Nerived automatically during the interlock design stage.
many cases. Different aspects of plant modelling for the

purpose of controller verification have been extensivel ) ) o
studied in [4, 5, 6]. An approach is presented theré Combined synthesis/verification app-
which enables a detailed and systematic modelling of proach

controlled processes employing a special modelling for- . . ]
malism. In the combined approach, the evolution of the Petri net

is driven by the underlying layer of interlock control
In special cases, however, a suitable model for verificaegic that is modelled as a finite state machine. The link
tion may be obtained by considering a multilevel conpetween the two representations are input/output (1/0)
trol structure and adopting a partially controlled plankignals.
on the lower level as a plant model for the verifica- ) o )
tion of the upper level. Such a two-level approach i€-1 Events, I/O signals, and admissible behaviour

proposed in our previous work [7] and is further elab he supervisory control concept [9] deals with restric-

orateg n th'é:' 'paper.l_ Ir][. partl_culalr,' sucI::[ngn apk;])roa jons on the behaviour of a discrete event system im-
may be used in applications involving S, WNEre 8 5sed by an external controller — a supervisor, acting

large portion of the control code is dedicated to safet disabling events. The set of events is partitioned
measures, also called interlocks, and the correspondinﬁ0 two disjoint sub.sets _ controllable and uncontrol-
part of the logic in sometimes referred as locking CONaple eventss, — S.US,. 5. NY, — 0. The uncon-
troller [8]. Assuming a two stage approach, where thg o) hie events can not be disabled. The supervisor is
interlock logic is designed first and the sequential par mputed based on the open-loop system model and a
is then added atop of that, the admissible behaviour % ecification model. The key issues are the concept of

the plantimposed by the !nte_rlock logic may be.adopte ontrollability and the concept of supremal controllable
as a plant model for verification of the sequential part'sublanguage [10, 14]

In the presented approach the interlock part of the CORye feasible set of input/output (I/0) signal pat-
trol logic is synthesized by the use of the SUPerVisoryy s s defined by the supervissrand is implicitly
control theory (SCT) [9, 10]. The synthesis also givegjien py the discrete event model of the supervised
a model of the admissible behaviour of the proces$yant in a form of a deterministic generatdf, —

i.e. the behaviour of the process that complies wit X, 3,8, 20, Xom), which is derived by the supervisory

the given interlock specifications. The sequential paltyniro| synthesis procedure as a model of admissible
is then designed by Petri nets [11], which are used i§ghaviour.

a sense of formal specification that is verified against

the admissible model derived during the interlock synHere X is a set of states; is a set of symbols associ-
thesis. The basic property of interest is the absence afed with events) : X x ¥ — X is a state transition
deadlock. A corresponding reachability based analyfunction and is in general a partial function on its do-
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main, z, is the initial state and\,,, is a set of marker T = {t1,t2,...,%},1 > 0 is a finite set of transitions
states. A symbob; € ¥ is generated at every transi- (with PUT # §andPNT =0); I : PxT — Nis
tion. Afinite set of symbols is called an event sequence function that specifies weights of arcs directed from
The language generated bYyis £(G). Itis interpreted places to transitionsQ) : P x T' — N is a function

as a set of all finite event sequences that may occur that specifies weights of arcs directed from transitions
the automaton. The language marked®ys denoted to places;n : P — {0,1,2,...} is a marking,mg is

by £,,(G) and consists of event sequences that end ihe initial marking.D : T — R* is a firing time-delay
marker states. L&t* denote a set of all finite sequencesfunction;Y : T — B is an input signal function, where
of elements of including the empty sequence, and let5 is the set of Boolean expressions on the Beif in-

st denote a concatenation of sequenggsc X*. A put signals;Z : P — 24%{01} s a physical output
prefix closure of a language C ¥* is then defined as function, whered is the set of output signals.

L ={s € ¥* 3t € ¥* st € L}. The automaton , ,

is non-blocking, if it is capable to reach a marker statd! the following the paper only deals with safe RTPN,

; - i.e. m(p) < 1,Vp € P. The output function of a place
from any reachable state, i.€,(G) = £(G). sets the related output signals to the specified values

As explained in [7], blocking is not considered at thiswhen the place is marked.
point, thereforeX,, = X. Languagel(H,) =

L, generated byH, contains all admissible event se-
quences. To enable a detailed analysis of potential deadlock in a
RTPN that is controlling a process under a restriction

An evento € X may be regarded eith_er as an externall%a discrete event supervisor, the firing rule of a RTPN
event observed through the change in the state of t ust be defined. A firing rule from [15] is here adopted

corresponding 1/O signal or may be actively triggered . . AR
by the controller. In any case, a change of the coﬁ’-\"th a slight modification.

troller input or output signal state is associated by eveny, a standard Petri net theory a transitiog 7' is said
evento € X. This will be denoted by’ = §,(v,0)  to be enabled ifn(p) > I(p,t),Vp € *t. Here*t C P
andu’ = §,(u,0). The sets of output and input statesdenotes the set of places which are inputs to a transition
are denoted a¥ := {ulu: A — {0,1}} andV := ¢ ¢ T. This definition also holds for a RTPN but such
{v|v: B — {0,1}}, where A and B are the sets of con-a transition is called atate enabledransition. A set of
troller output and input signals, respectively. Next, a seitate enabled transitions of a RTPN under markinig

of total states is defined &8 := {w|w = (z,u, v)}. T.(m) := {t|t is state enabled under}.

Considering event sequences that are generated by Wext a transitiont € T is defined asnput enabled
model of the admissible behaviofi, a new total state ynder an input state € V when eval(Y (t),v) =
automatonH,, = (W,%, wo, Wi,) is constructed, 1. Functioneval(e,v) denotes an evaluation of the
whereW C X x U x V as defined above; is the Boolean expression € B by the given input state.

set of events composing the admissible behaviour, andset of input enabled transitions of a RTPN under in-
¢ is the new state transition function defined as followsput statev is T; (v) := {t|¢ is input enabled undaer}.

2.3 RTPN control of discrete-event process

¢(w,0) = (6(z,0),u',v") if §(x,0) defined A transition is defined asutput enabledvhen all the
’ undefined if §(x, o) undefined preceding control actions have actually been executed.
(1) A transitiont € T is output enabled under an output
wherew = (z,u,v), v’ = §,(u,c) andv’ = §,(v,0) stateu € U whenZ(p) = {(a1,?1),...,(an,in)} =

as defined above. For conveniengds extended from wu(a;) = i;,Y(a;,1;) € Z(p),Vp € °t. A set of output
domainW x X to W x X* in the usual way. Initial enabled transitions of a RTPN under output state
state iswg = (zo,u0,v0) and all states are marked, T, (u) := {t|t is output enabled undex}.

W, = W. Note thatC(H,,) = L(H,) = L,, which is

evident from (1). Thefiring rule of a RTPN can now be defined as fol-

lows: (i) a transitiont € T is enabled if it is state
2.2 Specification of operational procedures enabled, input enabled and output enabled, t.eg

. . e N T; N T,; (ii) an enabled transition may or ma
Petri nets as a tool for modelling and specification ofe ! o (i) Y y

manufacturing systems are described in a number ﬂgt fire, which depends on the firing time-delay func-

I ; n associated with it: a transition with zero time delay
sources, such as [11, 10]. A Place/Transition Petri ngf oo mediately when enabled, a transition with non-

can be described as a bipartite graph consisting of W, yjye delay fires immediately after del&)(t) ex-
types of nodes, places and transitions. Nodes are int ires (the corresponding timer starts when transition is

connected by directed arcs. State of the system is dg; o e)- i) a firing of a transition is immediate and
noted by distribution of tokens (called marking) OVelamoves a token from each of the input places of the

the pl_aces. For Fhe purpose c_)f simulation and PO%ransition and adds a token to each of the output places
sible implementation by industrial controllers, the in-

. . of the transition. A single transition firing at a time is
put/output interpretation can be added. One of such eXssumed aneh[t)m’ denotes that may fire undenn
tensions is a class of Petri nets calledal-Time Petri '

T
Nets(RTPN) [15]. Formally, a RTPN is defined as an'esulting inm’.

eight tupleRT PN = (P,T,1,0,m, D,Y, Z) where Given Petri nef\" and markingn, a markingn/ is said
P = {p1,p2,...,pc}, k > 0is afinite set of places; to be immediately reachabley € R, (N, m)) if there
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exists a transitiort such thatt is state enabled under 3.1 C-reachability graph
m and its firing results inn’, i.e, m[t)m’. A marking
my, is said to be reachable from a marking (my €
R(N,my)) if there exists a sequengegmy ... my)
such thatm; € Ry (N,m;_1) for0 < i < k. The
notion od reachability can be extended by considerin
input and output signals of a RTPN:

Nodes of the graph are paifen,w), wherem is a
marking of the RTPN whilew is the state of the au-
tomatonH,,. The construction starts in the initial state
gy/zo,wo), wherewy = (zo, up, vp). A set of feasible
ents is then searched for. This is a subset of feasible
eventsl'(zg) of the automatori,,. More precisely, the
set is composed of two subsets. One is the set of all
events feasible at, and not generated by the RTPN.
Second is the set of events generated by actions of the
marked places of the RTPN and defined by the output
{unction Z, which are also feasible at,.

Definition 1 Given a RTPNANz, marking m, input
state v, and output stateu, marking m’ is said to
be immediatelyO-reachablaunder 1/O statev, u, i.e.,
m' € RIO(Ngr,m,v,u), if there exists a transition
such thatt is state enabled, input enabled, and outpu
enabled undem, v, andu, respectively, and the firing Let Y-rg; denote a set of events triggered by RTPN,
of ¢ results in the markingn’'. andXsp a set of events that are not generated by the

RTPN Csp = ¥ — Xcorrr)- Let34(m) denote the
The paper is focused on the operation of a corset of events generated by actions of the marked places
troller modelled by a RTPN and acting on a discreteof the RTPN. The set of feasible evets at [, in the
event systent],,. Therefore a C-reachability (control- statex and RTPN marked by is then given by

reachability) is defined as follows:
) Se(z,m) =) N (SspUSa(m))  (2)

Definition 2 Given a RTPNVR with markingm, and .
coupled to a discrete-event systéfy,, markingm/ is 1 Nen a nodemo, w;) wherew; = £(wo, ;) is added
said to be immediatel-reachableunder total state fOr Voi € Xk (o, mo) and the arc from(mg, wo) to
statew, i.e., m' € RY(Ng,m,H,,w), when it is (Mo, wi) is labelledo;.
immediately |0-reachable under I/O stateu, where Next the set of immediately C-reachable markings
w = (z,u,v). RS (Ng,mg, Hy,wp) is determined. For every cor-
responding markingn; € R (Ng, mo, Hy,wp) a
The admissible firing sequences define the GCnode(m;,wo) is added to the graph and the arc from
reachability seR“ (NVg, mo, Hyy) of @ RTPNAR COU-  (my, wy) to (m,, wy) is labelledt; wheret; is the tran-
pled toH,,: sition leading frommg to m;. In case of conflicting
transitions, all possible firing sequences are enumerated
Definition 3 Given a RTPNA; with initial mark- as in standard reachability analysis.

ing mg, and coupled to a discrete-event systém )
with initial state wy, marking m’ is said to beC- The procedure is repeated for every added node, and

reachable i.e., m' € RC(Ng,mo,H,) if there duplicate nodes of the graph are merged. The procedure
exists a sequencémom; ...my,) such thatm; e stops when there are no new nodes or all new nodes are
R (Ng,mi—1, Hy,wi—1) andw;_1 = &(wo, s);s € duplicate nodes.
Lac for 0 < 4 < k. By definition, mg € |n the described way a new kind of reachability graph
RY(Ng,mo, Hy) is derived. A set of nodes is associated with every

) ) o reachable marking and the transitions between nodes
H, is assumed to be in the initial stat§ when a cor-  gre of two types: ij transitions of a RTPN connect
responding RTPN is marked by the initial marking.  nodes associated with distinct markingg), fransitions
The changes of the input/output signal state are drive|ated to events in a model of admissible behaviour
by the evolution of the two models, the total state augonnect nodes associated with the same marking. Since
tomaton model of admissible behaviour of the plant anghe derived graph includes input and output events of
the RTPN model of operational sequences. a controller it is called theC-reachability graphof a

Considering the notion of C-reachability the deadlockRTPN controller. It must be noted that only the order-

free operation of a RTPN controller can now be definednd of évents is considered, while timing information of
a RTPN is omitted.

Definition 4 A RTPN systerWr, mo) coupled tofly,  The resulting graph can be interpreted as an automa-

m € R(Ng,mo, H,) there exists a marking’  aqditional events in the system. Such an automa-
that is immediately C-reachable from, i.e., m" € ton is denoted a§'G — (N, Xca, ¢, no, No) Where

RY(NRr,m, Hy,w), wherew = £(wo, s); 5 € Lq. N C RY(Ng,mq, Hy,) x W is a set of nodes in the
. graph,Xc¢ € X U T is the set of transition labels,
3 Analysis of deadlock ¢: N x Yce — N is a transition function defined by

arcs of the graphmy = (mo, wy) is the initial state, and

To be able to analyse the existence or absence of de " is the set of marker states.

lock in the RTPN controlling a discrete-event process
a new kind of reachability graph is proposed that enuit is important to note that since the construction is
merates all admissible event and transition sequenceslriven by sequential specification, only a small subset
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of possible I/O combinations is actually enumerated ifProposition 2 RTPN systeniNg, mg) with transition
CG. setT and coupled taH,, is C-live if a corresponding

Finally, the C-reachability graph is used to analyse §-reachability graphC'G; = (N, Xce, ¢, no, Nm):

potential blocking of a controller. The following propo- . N .
sition is applied: (i) contains all transitions of the RTPN, i.evt €

T,3n,n" € N,n' = ((n,t)

Proposition 1 A control specification given as a RTPN (i) may be interpreted as a nonblocking automaton,
system (N, mo) with transition set7 and act- givenN,, = {no}.
ing on a discrete-event systeff,, is deadlock free
if a corresponding C-reachability grapiCG =
(N, Xca, ¢ no, Nim): Proof: By construction, any node of CG maps
to a reachable marking of the RTPN. If all transitions
(i) contains at least one transition of the RTPN, i.eappear as the labels of arcs of CG this corresponds to
one of transitions appears at least once as a labetventual firing of any transition from the initial mark-
of an edge in the graphjt € T,n,n’ € N,n’ = ing. If CG can return to the initial state from a given
¢(n,t),and node, the firing sequence can also continue to any other
(i) may be interpreted as a nonblocking automaton©de of the CG, which means any transition of RTPN
givenN,, = {no}. can gventually be fired, starting from every reachable
marking. |

Note that although in general most of the spontaneous
Proof: For a non-blocking automaton with,, =  events is uncontrollable in the sense of supervisory con-
no, Vs € L(CG),3s',ss" € L(CG),((no,ss’) = no.  trol and most of the controlled events is also control-
Itis therefore clear that it can return to initial state frOfT]ab|e, this Correspondence is not strict. An uncontrol-
any reachable state. Consider now the case that the agble eventr; € X, may be generated by the RTPN,
tomaton is in state = (m, w) wherem # my. Clearly  therefores; € Scrri, €.9., the start of an emergency
if the automaton can return to the initial state = procedure, which must not be disabled. On the other
(mo,wo), there exists a firing sequenceun’ ... mo)  hand a controllable evert, € ¥. may be generated

with m’ € R{ (N, m, H,,w). Next, the case when externally ¢» € Zgp), €.9., an operator request that
the automaton is in state= (mo, w) is considered. In  may be blocked by the supervisor.

this case the return to the initial state of the automaton _ -
is not sufficient for the RTPN being deadlock free as thé-2  Calculation of the C-reachability graph

initial state may be reached without a change in markry fyrther illustrate the procedure of composing the
ing and conseq/uently without firing a S|/ngle transmongraph a sketch of the corresponding calculation pro-
Butif 3t € T, n' = C(”g)' for somen,n’ € N there  coqyre is given. The graph is representedas =
must also existn’ & Ry (N, mo, Hy,w), SUch that 4y where N is a set of nodes in a form of or-
mo[t)m'. Therefore animmediately C-reachable markyareq pairgm, w) as described above, antlis a set

ing can be found for every reachable marking includings 5, givenast C N x (XU PN.T) x N. An arc
mg, Which means the RTPN is deadlock free accordingetwee’n nodes; andn, is denoted(ny, e, n»), and

to Def. 4. e € X U PN.T is either an I/O event or Petri net tran-

There is often a need to extend the requirement for ¥tion. The procedure is summarized in the following
control specification to be deadlock free. Commonly ilgorithm:

is also required for all parts of the sequentia! beha"io%lgorithm 1:

to be eventually reachable. In terms of Petri net termi-

nology, this requires any transition within the Petri net

to eventually become enabled, starting from any mark- ~ w := (o, uo, vo);

ing reachable from initial marking. Such a Petri netis  Ncg := (mo, w); (* a node related to initial mark-

live [11]. To adapt this notion to sequential specifica-  ing of a RTPN, initial state of the automaton, and
tion in terms of RTPN acting on a process under super-  initial state of I/O signals *)
vision, the following definition is applied. CG.N :={Ncc};

CG.A =0

RSET :={myg};

Definition 5 A RTPN systerVg, mg) with transition
setT and coupled taH,, is C-live when for every C-
reachable markingn € R¢(Ng,mq, H,,) any transi-
tiont € T will eventually be fired.

(* events that are not triggered by RTPN *)
Ysp = spontaneous(G, PN);
U := {N¢g}; (* list of unexplored nodes *)

while U # () do
The C-liveness can also be checked from the C- choose a hod&/'c4 € U,
reachability graph in a similar way as the absence of (* related marking of RTPN *)
deadlocks. The difference is that since any transition m := marking\Nee);
must be eventually fired, all transitions must appear in (* related state of{,, *)
the C-reachability graph. This is summarized in: X :=state(N¢);
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(* related state of{,, *) The number of nodes in the graph is typically mostly re-

w := total state(Ne); lated to the complexity of RTPN. This is because the re-
(* events triggered by actions in markedlated specification of the operational procedure extracts
places *) only a small subset of states from the admissible be-
34 :=actions(PN, mN¢q); haviour model.

(* feasible events list *)
Yrp=T(@)N(SspUXa);
for Vo € X do

In the following only the case where all events in the
admissible behaviour model are related to 1/0O signals
of the RTPN is considered. Furthermore, the given es-

w' = (6(x,0), 0y (?f’ ), 0y(v,0)); timation is limited to the class of safe Petri nets with no
newNcg = _(m’w ); concurrency (state machines). The number of possible
if not a duplicate nodthen markings in such a net equals the number of places.
CG.N:=CG.N Ncalts . .
CGA = CG.AB {newNoe ; At every marking, a set of new nodes in the C-
{(Neg, o, newNeg); reachability graph is generated, according to the switch-

U:=UU {newNeg): ing of the I/Q S|gnals.. If the number of S|gnf';\,P$S
else that can switch at particular marking is taken into ac-
_ i i count, and there is no information on their restrictions,
adjust connections of the duplicatedy)| possible orderings are considered. The maximum

node; number of added nodes is thah!. An additional node
end is inserted for every transition firing. Let, denote the
end number of places in the RTPN, and I8}, denote the
(* enabled transitions *) number of outgoing transitions from plagge The esti-
Trn := getEnabledTransitions(PN, m); _mated upper bound for the number of nodes in the graph
(* condition-enabled transitions *) is then

Np

Nnodes SZN‘S'NL, (3)
=1

Tcen = checkConditions(PN['en, Nog);

(* check if actions in the input places have
been executed: *)

Tacen = checkActions(PNTcen, Nog);

(* transitions that may be triggered *)

for Vi € Tacen do

Clearly only the proper estimation of, can give a use-
ful result. The number of output signals that can switch
by a particular marking is known. It is given by the

u := getFiringVector(PN, t); number of actions at the marked place, i.e the number
(* calculate a new marking *) of elements inZ(p;). It is more difficult to estimate
m’:=m+ (PN.O-PN.I) u; the number of possible events that are not triggered by
newNeg = (M, W); the RTPN. In Sect. 3.1 these events were denoted by
if not a duplicate nodthen Ysp (spontaneous events). Further look at equation
CG.N:= CG.NU {newNe¢¢}; (2) shows that\V; is actually the number of elements
CG.A:=CG.AU in the union of allXg(x, m) at fixedm. Since this is
{(N¢g, t,newNeca)}i rather difficult to estimate, only the maximum number
U:=UU {newN¢¢}; of spontaneous events in a sequence at a given marking
else is estimated. LefVgsp(p;) denote this estimate and let
adjust connections of the duplicatedVa(p:) denote a number of actions related to marked
node: placep;. The estimate of the upper bound for the num-
ber of nodes is then
end
end bt
(* remove the node from the list of unex- Nnodes < ¥ _(Nsp(pi) + Na(p)!- Ny, (4)
plored nodes *) i=1
U=U- {NCG};

The estimate is rather conservative, because all event
orderings were considered. To achieve a better esti-
_ mate, a restrictions on the event orderings given by ad-
3.3 Complexity missible behaviour model should be taken into account.

The state size of the constructed C-reachability graph
depends heavily on the type and properties of the prét  Example

cess considered and the related operational procedure

specification. However, some conclusions can be ma egalrlrhli)slgail;egtic:ncc\)/\r/]ﬁiiﬁt i:g%[ﬁ:?ﬁg&g% %ae&hhigirt]
considering a typical application. interesting properties, but in the same time based on

First it should be noted that the number of iterationshe equipment used in industrial applications. The ex-
of the main loop ofAlgorithm 1equals the number of ample deals with a part of a laboratory scale modu-
nodes (states) in the C-reachability graph. The numbéar production line composed of five working stations
of nodes will therefore be of the primary concern. controlled by five programmable logic controllers [13].

end
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Elr

[ | ]
Testing Processing Holding
—4— piston

Rotating
table

Fig. 3 Model of the piston

ton is equipped by two limit switches, indicating back-
ward (sb) and forward §f) position. The movement is
limited to the distance between the two limit switches.
arl Only one of the two switches{) is used in the exam-
_, ple. The simplified finite state machine model of the
piston is shown in Fig. 3. The interesting feature of
ar0 the piston is that moves forwards in case of the loss of
Fig. 2 Model of the rotating table supply pressure. Since the piston must be moved back-
wards before the table can start rotating, the potential
loss of pressure presents an interesting problem from

. o . the control design viewpoint.
The stations perform distribution of workpieces, test- g P

ing of workpieces, processing, manipulation and sortfo maintain the interlock between the table and the pis-
ing. Every working station is further composed of a seton the behaviour presented by automaton in Fig. 4 is
of pneumatic pistons, gears, two state sensors, electimposed. The start of the table rotatiom-{) is only
pneumatic actuators, which form a mechanical setugliowed when the piston is drawn back (= 1). If the
that can be controlled by a PLC to perform a requiredupply pressure is lost, this would resultdb0. The
operation. only allowed action is then to stop rotatiom(). (The
théequirement to immediately force the rotation stop can
Jot be achieved by the supervisor). Another require-
ghgnt that is imposed by automaton in Fig. 4 is to pre-
vent controlled forwards movement of the pistan @)
vhile the table is rotating.

Fig. 1 Part of the production line

The central part of the line is considered, i.e.,
processing station, consisting of a rotational tabl
that moves a workpiece between consequent phase
drilling machine, and a testing device. Next workin
station includes a manipulator that transports the wor

piece further. The setup is shown in Fig. 1. The specification is controllable and results in the ad-

The setup is similar to the one used in [16], except that Rissible behaviour of the process as shown in Fig. 5

much closer view to the process is taken in this paper. IIQ . o
; . ; ext, an operational procedure for the process is im-

[16] the SCT is used to coordinate the operating phases, Anpexample gf the procedural sﬁ)aecification is

while the example presented here is dealing with thgy, i Fig_ 6. The interpretation of places and tran-

control logic inside a particular phase. Switching of llosd'tions is given in Tabs. 1 and 2.

signals in desired operational procedures is modelle

as well as the behaviour in erroneous conditions in the

process.

To keep the presentation simple enough a particular de-
tail will be studied, i.e. the interlock between rotat-
ing table an a holder that fixes a workpiece before it
is drilled. The table is driven by an electric motor,
switched on ¢r1) and off @r0). The table has four @/1,ah0
stop positions, indicated by a proximity switep. The
switch closes {p1) when the table comes into a posi-
tion, and releases$0) when the position is left. For
the example, only the switching of the actuatoris
considered. The simplified finite state machine model
of the table is shown in Fig. 2.

The holding piston is driven by an electro-pneumatic
valve switching the pressure on and off. Initially, the
piston is in the forward position and it moves backwards Fig. 4 Table - piston interlock specification
whenaf = 1 and forwards whemf = 0. The pis-
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Tab. 1 RTPN transition conditions

Y (t,)=start
Y(t2)=8b
Y (t3)=cycle
Y (ts)=sp
Y (t5)=NOT sb
Y (tg)=sb
Y(ﬁ7):NOT sb
ahl Y (ts)=ack AND NOT sb

Fig. 5 Admissible behaviour legend:

ack - error acknowledgement

cycle - start of the cycle
sb - back position sensor

J—(e sp - table position sensor
/ start - start of operation
t

/
(LL)PZ Tab. 2 RTPN place actions
L . 2N Z(p1)={(I_start, 1),(lerror, O
Q ! : Z(p2)={(l_start, 0),(ah, 1)
Z(p3)=0
Py Z(ps)={(ar, 1),(ah, 0)
Z(ps)={(ar, )}
N Z(ps)={(ah, 1)
Z(p7)={(I_error, 1),(ah, 0),(ar, 9)

t t t
\"7 4 5 6
\ 'O , 'G N legend:
I o I . I o I | _start - initial st. indicator
4 . .
5 e | _error - error indicator

ah - activate the piston

Fig. 6 Specification of the operational procedure !
ar - table rotation

A RTPN defined this way is verified against the pre-

viously derived open-loop process model. The initial L i
states of the input signals that are not part of the admi§©" the application of the estimate of the number of

sible behaviour model may be left undefined or may b8des to the given case, an estimate of the number of
fixed at specific value. In our case signalg: and sp spontaneous events at every marking is first needed. In
are set undefined, whiletart and cycle are assumed this case the task is relatively simple since there are

to be 1. The initial position of the piston is assumed ifPNly two spontaneous eventsb0 andsb1 (events re-

front (sb = 0). The initial state of all output signals is ated 1o signalsick, cycle, sp andstart are not part of
the admissible behaviour model and are not taken into

assumed to be 0.
account). Furthermore, no spontaneous events can oc-

For the given case the constructed C-reachability graptur at the initial markingro(p;) = 1). By taking into
consists of 12 nodes and 17 transitions, and is showsonsideration also the RTPN output function, and again
in Fig. 7. The analysis of the graph shows the systemmonsidering only events that take part in the model of
operation is blocking after plage, is marked. This is the admissible behaviour, (4) gives an estimate of 75
because an attempt has been made to switch/ttsdg-  for the number of nodes in the graph. Obviously, this is
nal off while the table is rotating. The supervisor blocknly a very coarse estimate of the real number.

the required action and since the firing rule of the RTPN

assumes all actions are completed before an outgoing

transition is triggered, the operation is deadlocked.

To overcome the error, the specification is modified ac- Tab. 3 Corrected RTPN place actions

cording to Tab. 3. The newly constructed C-reachability
graph consists of 25 nodes and 41 transitions, and is {(Istart, 1),(Lerror, O}

1

(p1)=
shown in Fig. 8. It can be observed that the automaton (p2)f{(|73tart' 0).(ah, 1)
can reach the initial state from any reachable state an (p3)=0
that every transition of the RTPN occurs at least onceZ<p4):{(arv 1}
as an event label in the graph. The application of theZ (Ps)={(ar, 0),(ah, 0)
Propositions 1 and 2 on the graph therefore shows th (ps)={(ah, 1}
Z (p7)={(l_error, 1),(ah, 0),(ar, @)

system operation is now deadlock free and C-live.
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t1

—» X2, 1 X1, 1 X2, 1
ahl tio ahl
sbl sbl
X2,2). b‘ X2,3 @gm_l) (X2,2)/;;@,_3D
sb0 S
t2 ah0 ah0 t2
sbl kﬂ ibl‘
X3,2 X3,3 X6,3 X6,2 X3,2)___(X3
@i @D DE
ts t3 arQ ar0 t3
sb0 sbl

ah0

ELD-HFLD)

Fig. 7 C-reachability graph with deadlock

ah0

5 Conclusions and future works

The algorithm for the calculation of the C-reachability
graph presented in the paper enables the detailed anal-
ysis of potential deadlock in the discretely controlled
processes. The prerequisite is that a discrete-event
model of the plant is available. Such a model can eas-
ily be obtained when the interlock layer is designed by
the supervisory control theory, which gives a model of
admissible behaviour.

The potential applicability of the algorithm is limited
by the complexity of the graph. Therefore an estimate
for the number of nodes in the graph was given. Al-
though very coarse, it enables to estimate whether the
construction of the graph is feasible. An improvement
of the estimate is foreseen for the future work. Another
issue for the future work is to explore techniques for
reachability analysis without the explicit enumeration
of the state-space.

The combined synthesis/verification approach enables
a relatively high automation of the control synthesis for
the manufacturing systems. Once the model of the plant
and the specification models are developed an appropri-
ate computer tool may perform all the necessary calcu{4]
lations and even generate the control code. Only a small
amount of additional programming is then needed to
obtain an operating logic controller.
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