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Abstract

TheAutomatedProductionSystemg§APS)are composed
of concurentinteracting entities. Thenany modelshould
exhibit parallel and sequentialbehavious. The Grafcet
is now well establishedin manufacturingto specifythe
awaited behaviourof the APS. Moreover, programmable
componentsncreasemodularity and allow a higher inte-
gration rate of circuits. This paperintendsto studythe
hardware implementationof a Grafcet specificationinto
such a component. Those componentshas to be pro-
grammedusingan hardware descriptionlanguage. Sowe
focus on inherent problemsof sud an appmacd and we
studydifferent kinds of possiblesolutionsto automatically
translatea Grafcetspecificationinto a vVHDL program. In
particular, we introducea solution basedon syndronous
language worksaboutsymbolicreseach of stability states.
This compileronly acceptsthe stablegrafcets. In addition
to automaticallygenerte a VHDL code this solution pro-
videssomewayto chedk somesafetypropertieson Grafcet.

Keywords: SpecificationModelling, GRAFCET, VHDL,
programmableomponentsFPGA.

1. Inter estsand objectives
1.1 Grafcet

The Automated Production Systems(APS) are com-
posedof concurrentinteractingentities. Thenary model
should exhibit parallel and sequentialbehaiours. The
Grafcetis now well establishedn manufcturingto spec-
ify the awaitedbehaviour of the APS. The modelqualities
explainthissuccessGrafcetownstheseoperatorandgives
themanicegraphicalrepresentationt keepsparallelismof

the application. It triesto be asmuchaspossibleindepen-
dentfrom technologicabndmaterialaspectsMoreoverthe
APS oftenintegratethe characteristicef reactive real-time
systemssinceall of themmustreactwith determinismand
in limited time.

In Grafcet,reactvity is expressedy the transitioncon-
ditions (ervironmenteffect towardscontroller)andactions
linkedto step(controllereffect towardservironment). The
modeltakesPetrinetsaway in spiteof its historicallink be-
causeesachfirabletransitionmustbefired (calledclearedn
Grafcet)assoonasit becomedirable. The evolution rules
give it someinterestingdeterministicfeatures.

1.2 Implementation

Control systemsare sequentialand mary people use
logic hardware sincethirty years. Nowadayswe use pro-
grammablecomponentswvhich have lots of good specific
properties.In particularit allows a modulardesignof the
hardware circuits, with a reasonableost of components.
Moreoverthelocalisationof functionalitiesin a singlechip
malkeseasierepairingandduplication.

Until now theclassicalWway to implementcontrollersde-
signedin Grafcetis to useProgrammablé.ogic Controller
(PLC). In this article we intendto studythe hardwareim-
plementatiorof Grafcetmodelsusing programmableom-
ponents. This approachhasalso hold the attentionof au-
thors[10]. Obviously, our goalis not to replacePLC by
a programmablecomponent. We only think that the se-
guentialcoreof the PLC could be replacedby the specific
programmableeomponentdesignedn grafcetandto keep
power input/outputof the PLC.

The following chapterpresentseveral problemsraised
by this approach.Thenthe chapter3 shaws differentpos-
sible solutions. We emphasizeupon every good and bad
aspectsof different proposedmethods. Finally, we advo-
cateour preferredchoicewhich allows somevalidationsof



propertiesaboutthe specification.

2. Translation problems from Grafcet to
VHDL

2.1 Grafcet

At the beginning, Grafcetwas designedas a specifica-
tion formalism for the control devices. Thus, the mod-
elled commandcould be programmed(microprocessqr
Programmablé.ogic Controller)or bewired with the most
suitabletechnology(electric,hydraulic,pneumatic).

Theexpressiorpower of Grafcetquickly leadindustrials
to develop on their own hardware a 'programminggrafcet
language’. None of theseimplementationshasthe same
behaiour semantic. Especiallytheselanguagesnterpret
the evolution rules and badly integratethe zero-delayas-
sumptionfor the modelevolution. This hasmultiple con-
sequenceskFirstly the userscanconfusemodelandindus-
trial languages.Secondlythe grafcetsare not compatible
betweenmanugcturers. Finally any systemsspecifiedin
crafcetis likely to be programmedn a differentway with
thegrafcetlanguage.

Facing down theseproblems,recentworks concerning
Grafcetsemanticandcompilationareon theway [16, 14].
Themainideais to translateén a systematiavay the grafcet
behaiour into a 'better’ modelwhich haseither powerful
mathematicabspect,or formal tools. In particularbeha-
ioral translationworks was led towardsthe Petri networks
[9, 4], towardsthe transitionsystemq15], automatg18].
For examplethe generatiorof the transitionsystemor au-
tomataallows the useof MEC tool [3] well-known in this
domain.

Let us note,the approachby automatoris basedon the
exhaustve searchof the reachablestatesusually usedby
the grafcetusers.With thisideaour teamhasstartedsome
worksto transformall grafcetsinto equivalentautomatan
anautomaticway. At the beginning, we wishedwe could
integratethe grafcetmodelinto the synchronoussoftware
platformto profit by the associatedialidationtools. Here,
we do not intendto presentour methodof Grafcetcompi-
lation, theinterestedeademwill haveto look atthe specific
paperq11, 2].

This article showns that Stateautomatonis an impera-
tive step betweenspecificationand hardware or software
(VHDL) implementation.

2.2 VHDL

The birth of the vHDL Language[13] is due to the
quick technologyevolution (wired, mono-chip,pPLD, CPLD,
FPGA) andto the growth of the integrationrate. In order
to managethis complexity, a novel approachbasedon a

programmatiodanguaggvHDL) with somespecificstate-
mentsrelative to hardwaremodellingwasdesigned.VHDL
hasbeenstandardisedh 1987. Thenwe have a common
languagéetweerdesigntools, simulationtools, synthesis-
ersandsilicium manufcturers.

Moreover, numerougools exist for analysismodelling,
designand synthesis. But sincevHDL hasbeendesigned
to modelhardware,it mustbe usedwith somespecificpat-
terns.Thefollowing sectionshows our differentimplemen-
tationsin VHDL of Grafcetspecificationausing synthesis-
ablepatterns.

3. Multiple waysof translation

3.1 Casestudy

Letusconsidetthegrafcetcalled’sema’(cf. figurel). It
represents producer-consumerattern. The’a’ condition
impliesthe productionof an elementandthe’b’ condition
leadsto its consumption.

Figure 1. sema producer-consumer pattern

This exampleallows usto illustrate our differentimple-
mentationchoices.

3.2 SequentialGrafcet : Finite statemachine

The first and simplistic way to translatea sequential
grafcet specificationinto a VHDL programis to identify
eachgrafcetstepwith astate.Eachgrafcettransitionis con-
sideredas a transitionof the finite statemachineguarded
by a transitioncondition. This is the classicalimplemen-
tation techniqueusedby API. It doesnot follow the basic
rule abouttransitionfiring andintroducessomeglicheson
actions.Theinopportunesettingin motion of the operatve
partis likely to causeseriouspersonahccidentor destruc-
tion of thesystem Moreoverthisapproacltouldraisesome
technicaltranslationproblemswith highly concurrentsys-
temsbecausef the exponentialstategrowth andshouldbe
givenup.



3.3 Local behaviour modelling

Thisapproactconsistdn expressindocal Grafcetevolu-
tion rulesinto concurrenequationsThisis avery pedagog-
ical way to understandsrafcetfor studentsvhosealready
know the VHDL languageor anotherhardware description
language.The translationis systematicand simple. Here
arethe five grafcetrules[12] andthe both following sec-
tionsshaw two differentimplementations:

e Rulel: Theinitial situationis characterizedy the
initial stepswhich areby definitionin the active state
atthe beginningof the operation.

e Rule2 : A transitionis eitherenabledor disabled. It
is saidto be enabledwhenall immediatelypreceding
stepdinkedto its correspondingransitionsymbolare
active, otherwiseit is disabled.A transitioncannotbe
clearedunlesst is enabledandits associatetransition
conditionis true.

e Rule 3 : The clearingof a transitionsimultaneously
leadsto the active stateof the immediatelyfollowing
step(s)yandto theinactive stateof theimmediatelypre-
cedingstep(s).

e Rule4 : Severaltransitionssimultaneouslyclearable
aresimultaneouslyleared.

e Rule5: If duringoperation,a stepis simultaneously
actvatedandde-actvated,priority is givento theacti-
vationandthestepremainsactive withoutinterruption.

3.3.1 Work delegationto the Synthetiser

This approachsimply consistsn writing evolution rulesas
concurrentvHDL equations.Thefourth evolutionrule says
thatall simultaneousllearableransitionsmustbeimme-
diatelyandsimultaneouslyleared.Thenfor eachtransition
'ti"’ we canwrite a VHDL equationTi’ to representleara-
bility of thetransition.As specifiedby thesecondevolution
rule,it depend®ntransitioncondition’Ri’ andonconjonc-
tion of precedingstepspre(ti)'.

-- Atransition is clearable if and only if
-- all of the preceding steps are acti -
vated and

-- the transition condition is true.

Ti <= pre(ti) and Ri;
-- pre(ti) is the conjonction of activation state
-- of precedi ng steps.
-- R is the transition condition of ti.

Thethird evolutionrule specifieconsequences atran-
sitionclearingon precedingtepyde-actiated)andfollow-
ing stepqactivated). Thenwe canwrite theactivationequa-
tion’Xi’ abouteachstep’xi’ as:

-- A step nust be acti -

vated if none of the follow ng

-- transitions are clearable

-- and either the step was yet activated
-- or one of the preceding transi-

tion is clearable.

Xi <= not succ(xi) and ( Xi or pre(xi) );
-- pre(xi) is the disjonction of the preceding
-- transition clearability.
-- succ(xi) is the conjonction of the follow ng
-- transition clearability.

Obviously, those equationssupposethe existenceof a
stablestateandwill have anon-deterministibehaiour oth-
erwise.Whenonestablestateexists,vHDL simulationrules
guarantya deterministicbehaiiour. Thenone of the stable
stateswill bereachin a boundedtime (Numberof statee
propagatiordelaysinto gates).

In orderto be surethat actionsare stableduring a con-
stanttime andarealwaysfalseduringresetiime we have to
synchronisén asequentiaprocesutputs.

Hereis anabstracof theresultingvHDL programwhich
behaesasthe’sema’grafcet(cf. figure 1).

-- processing transition clearability.
Tl <= a and X1;
T2 <= not a and X2;
T3 <= b and X4;
T4 <= not b and X3 and X5;

-- processing activation of steps.

-- X1 : initial step
X1 <= reset or not Tl and (X1 or T2);
X2 <= not T2 and (X2 or T1);
X3 <= not T4 and (X3 or T1);

-- X4 : initial step
X4 <= reset or not T3 and (X4 or T4);
X5 <= not T4 and (X5 or T3);

-- sequential process
process(cl k, reset)
begi n
if reset ='1 then
PROD <= ' 0’;
CONS <= '0";
elsif clk’event and clk = '1" then
PROD <= X2;
CONS <= X5;
end if;

end process;

The clock frequeng hasto be suficiently low to guar
anty that one stable stateis reached. The clock period
shouldbe higheror equalto the maximumof the reaction
time.

3.3.2 Work delegationto specifictools

Themainproblemof theprecedingsolutionis thatwe have
to supposehat the stability stateexists. But synchronous



languagdik e ESTEREL [6] have alreadyproposedsomeap-
proachesn orderto solve booleanstability problems. So
we developeda compilercalledg2e[11] which translatesa
grafcetspecificationinto an ESTEREL program. Esterelis
basedon a well-definedmathematicaformalismwhich al-
lows usersto establishogical correctnessf programsn a
formal way. Thenwe canuseevery tools basedon VHDL

(simulator code generator model-checkr). In particular
someworksto automaticallygeneratdardwarecircuitswas
performed5].

The proposedranslationconsiderssachstepasa reac-
tive system. Eachstepis able to reactinstantaneouslyo
statemodificationgprocessetby othersteps.Thus,thethird
evolutionrule of Grafcetappliedto steps3,4and5 of 'sema’
canbewrittenin Esterelas:

present RTL3 and RTL5 and not b then
emt X4_SET;
em t X3_RESET,;
emt X5_RESET,;

end present;

whereXi_SET and Xi_RESETdenotateespectiely set
andresetordersof activationaboutstepxi. RTLi denotates
the’Readyto Leave’ signalwhichis emittedby the stepxi
if it is active.

Moreover, this translation allows the integration of
Grafcetmodelasanentry of the ESTEREL framework. The
combinationof GrafcetandESTEREL hasalreadyandsuc-
cessfullybeenusedto modelandgenerateodeof startand
stopmodesof aflexible productionsystem[1].

Lots of previousworks[9, 7, 10] encouragasynchronous
modeldesignerdo give up interpretation'Without Search
for Stability’ becauset badly respectghe basicpostulates
of the modelandis notin adequatiorwith the continuous
actionssemantics.Then,we completelygive up this inter-
pretationmethodand adwocateto completelyprocessthe
setof accessiblestability stategn accordancevith [18]. Fi-
nally, this setwill have to be directly establishedn vHDL
asperformedn the following section.

3.4. Global behaviour modelling

Compilinga Grafcetspecificationconsistsn translating
a grafcetinto anotherformalism. This behaiour of the re-
sultingprogrammustrespectheinitial behaviour specifica-
tion. With thatideasomenumerousvorks of compilation
wasalreadyperformed(inite stateautomatd18], petrinets
[17], transitionsystemsand signal languag€[15], Electre
Languagd19]). We alreadydevelopedour own compiler
(c20c). This compileris ableto compileary Grafcetspec-
ification correspondingo safe-definedubsebf the Grafcet
model[2, 11]. The compilerlooksfor the setof reachable
statesandthengenerateshe correspondindinite stateau-
tomata. As soonasthe grafcetis computednot to be sta-

Xnext,,
Xnext °

Figure 2. the 'grafcet’ machine

ble, it is automaticallyrejected. Let us note, that the ex-
plicit researchof all accessiblesituationsoften leadsto
an exponentialgrowth of the numberof statesto be stud-
ied. To avoid this bad behaiour, the compiler doesnot
parseexplicitely eachinput configurationbut usea sym-
bolic methodbasednbinarydecisiondiagramgBDD) [8])
to computebooleanequations.Thenthe grafcetis saidto
besymbolicallycompiled. Thecompleteandtheoreticakx-
planationaboutthis methodwasalreadypublishedin [11].

Then,G20c is ableto generate boolearautomatacom-
posedof a booleanvector which representghe current
stateandaboolearmatrix representingossibletransitions.
Then we can efficiently managethe exponential growth.
Eachgrafcetsituationis associatedo a specific value of
the statevector Eachstateequationconcludesn onestep
aboutactivity of aspecificstep.Thisequatioronly depends
on otherstepstateandinputs.

In sucha way, whenthe grafcetis acceptedthe gener
ate systemcan be seenas a combinatorysystemof equa-
tionswhich establistthe next activationstatefor eachstep.
This combinatorysystemis combinedwith a sequential
synchronougprocessto updateat eachinstantthe stateof
eachstepandthe correspondingutputs.Thisis illustrated
by thefigure2.

Using the VHDL patternfor sequentiaMealy machine
we caneasilyimplementcomputedbooleanequationsnto
aVHDL program.

-- VHDL generation by g2oc from senma2 grafcet

entity sema2 is
port(b, a, reset, clk:
PROD, CONS: out bit);
end sema2;

in bit;

architecture sema2_a of semm2 is

signal X1, X2, X3, X5, X4,
Xlnext, X2next, X3next, X5next, Xdnext :bit;

begi n

-- state and output conputation

process (clk,reset)



begi n
if (reset ='1") then
PROD <= ' 0';
CONS <= '0";

X2 <= (a);

X1 <= (not a);

X3 <= (a);

X5 <= (b);

X4 <= (not b);

elsif ( clk’event and clk="1") then

PROD <= (X2next);

CONS <= (X5next);

X2 <= X2next;
X1 <= Xlnext;
X3 <= X3next;
X5 <= Xbnext;
X4 <= X4next;
end if;
end process;

-- future conputation

X2next <= (a);

Xlnext <= (not a);

X3next <= (X1 and (X3 and X4)) or ...;
-- X3next <= F3(X1, X2, X3, X4, a, b);

X5next <= (X1 and (X3 and b)) or ...;
-- X5next <= F5(X1, X2, X3, X4, a, b);

X4next <= (X1 and (X3 and (not b))) or ...;
-- Xdnext <= F4(X1, X2, X3, X4, a, b);
end sema2_a;

4. Conclusion

In thispaperwe shavedtheinteresto compileaGrafcet
specificationinto a VHDL representatiorin order to al-
low the realisationon a programmablecomponent. Af-
ter analysingof differentconstraintsfixed by the Grafcet
modelandvHDL synthesisersye mainly proposedwo im-
plementatiorpossibilities.Both approacheattemptto give
anautomaticway to translatea Grafcetspecificationinto a
VHDL synthesisablgrogram. Obviously only the ’global
behaviourmodelling approachyivessatisfiableanswergo
thefollowing problems:

e Performsacompleteanalysisof reachablestatesn or-
derto directly procesghe next stablestateafter each
transitionin termsof the previous state and inputs.
This considerablyreducethe processingime andthe
area(numberof logical cellsneededn components).

e Allows somebehaiour verificationand validation of
safetypropertiesheforesynthesis.

In this paper we studied the links between pro-
grammablecomponentsand the crafcetworld. We hope
this paperhasbroughtbothcommunitiesclosertogether
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