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Real Time Reconfiguration of Manufacturing Systems

Sébastien Henry
Laboratoire dAutomatique de Grenoble
ENSIEG - Rue de la houille blanche
38402 Saint Martin ‘tiéres Cedex, France
sebastien.henry@lag.ensieg.inpg.fr

Abstract — Usually, in an industrial context, the design of
discrete control law to drive manufacturing system is
assume off line by several experts. This is mainly due to the
lack of a generic method to model the controlled system
abilities. Consequently, not only the design of all the
control laws mobilizes many PLC program developers, but
also, in case of unexpected resources failures, the
reconfiguration process can be only considered from a
manual point of view. So, to bring a solution in this field of
research, first a methodological approach to model a
controlled system is given. Second, based on such a
resulting model, an automated discrete control law
synthesis is proposed to provide a law compatible with one
of the CEI 61131-3 languages.

Keywords: Control law, Synthesis, Reconfiguration,
Manufacturing systems, Programmable Logic Contrslle

1 Introduction
This paper deals with the dependability of aut@dat
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The specification of the decisional system inifdihe
context of the supervision, monitoring and con{&&C)
approaches is discussed, but this paper is mainkgtdd
towards the controlled system modeling and theraated
control law synthesis. Firstly in the context
manufacturing system design, the objective is thuce the
time required to create a control law in one of QEl
61131-3 languages and to minimize the debug time by
creating correct code initially. Secondly in thenxt of
the dynamic reconfiguration, the reactivity of resm
failures and the customer’'s request variation viig
definitely improved.

of

The functions of a manufacturing system is disedss
in section 2. Then section 3 describes the requimeil
data for the automated control law synthesis. Arey tare
compared with data considered by the classicalhsgig
approaches. So in section 4, the aim of the paper i
presented. In section 5, the controlled systemadeted to
synthesize automatically the control laws, in seth. The

systems and more particularly manufacturing systempaper then concludes with section 7, where we suinena

These systems are made of a supervision, monit@niuly
control (SM&C) system and a controlled system (Sigerre
1) defined by the set of resources. In this papegsource
will only be a manufacturing or handling machineor a
hierarchical and modular point of view, a manufaow
system can be a plant, a workshop, a flexible naartufing
cell or a machine. A product flow goes through thkse
systems. Depending on services offered by the aclbedr
system and the customer’s request, the controlemsyst
applies control laws to act on the product flow.

N
Manufacturing system

Customer Supervision, Monitoring and

requests || Control System (SM&C) > Information
Inputting Controlled system: _ Outputting
product flow Set of the resources ~ product flow

Figure 1. A manufacturing system
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the paper and outline several research directions.

2 Functions of manufacturing system

The basic function (defined by the norm NF X50-100
[7]) of a manufacturing system is to increase thkie of
the product flow. It achieves its function by hayen effect
on the product flow, as in Figure 1. This effecdifined
for a product by the difference between its ingatesand
its output state which are data for the control &mthesis
problem. The secondary function of a manufacturing
system is to guarantee the performances. Indeedstare a
profit to the company, the added product flow vatoest
be superior to the manufacturing cost. From a obiidmw
point of view, the manufacturing cost is the totélthe
costs generated by the infringement of the secuaity
environmental constraints and the costs resulting fthe
values of the productivity and quality criteria. tiher
words, the control law must respect the securitg an
environmental constraints and optimize the proditgtand
quality criteria.



3 Scope defined by controlled system model and objectitask(s)
and criterion) has a particular solving algorithihus in

To achieve its functions, the manufacturing systerthe context of the reconfiguration, if a disruptioodifies
must control the product flow evolutions. These larked  the scheduling problem, then a new algorithm must b
to the resource evolutions controlled by the cdréystem applied. This is deeply penalizing for the expected
according to interpreted or compiled control lawseactivity. However, the controlled system modedlisays
compatible with the CEI 61131-3 norm. Thus, thetamn formalized by a set of operations with the conatsadn or
laws of all the levels must respect the controkgdtem between the operations like precedence, preemption,
constraints (security and environmental) and thieailves  splitting, and very rarely condition(s) on the rnes® state,
(the product specifications, the values of the pobigity etc, and with the resource properties like disjiect
and quality criteria) [6]. When an expert synthesiz renewing, etc.
manually a control law, he has in mind a picturethod
resources evolutions and their possible effects thom
product flow. In addition to the evolutions, thisctore
takes the controlled system constraints into accdsthe In comparison to other synthesis methods, schegluli
expert, the control law synthesis method must teoeess methods are interesting from the point of view bét
to a controlled system model, the initial stateéhef product optimization criteria and the controlled system elodith
flow and the resources (PF&R) and a model of theperations. In spite of the many works in the salied
objectives. For discrete event systems, the thyathssis field, none of them has a very low-level controliggtem
approaches presented below are compared on the dfasi view with so many operation constraints. Firstuse the
the system model, the initial system state anaHtjectives. scheduling method to synthesize the control lawe t

controlled system model must integrate all the trans.

To pilot the manufacturing system, the supervisedhen, from data (controlled system model, initidd&R
control [1] is based on the Ramadge and Wonhanryheo state and the objectives), the automated contral la
In this approach, the supervised system is a setsofurces synthesis is developed. As in the scheduling methtite
with their local control law given by an expert.oRr the first synthesis stage generates a precedence gkaphthe
automata system model, which is not obtained with aecond synthesis stage translates this graph toobitee
modeling methodology, the supervisor limits thetasys CEI 61131-3 languages, as in Figure 2.
behavior to the most permissive, which respects the
objective specifications. They must also be exgessith Controlled system model = [ Initial PF&R state ] [ Objective model ]
the automata; Thus they cannot express the opfimiza '
criteria. This method then does not guarantee paence
in productivity and quality criteria. — > Generate precedence graph _<——

Translate to CEI1 61131-3

4 Aim of paper

Automated control law synthesis

The automated control code synthesis [5] is based
the condition systems that are closely relatedhterpreted
Petri Nets. A component model representing a physic
component is described with this formalism as wasllthe
associated taskblocks. In a condition system, thigubd Figure 2. Aim of paper
conditions result from marked places. For each wutp
condition of the component model and from any mark, 5 Controlled system model
taskblock defines all the control laws to reach rirarking
for which the output condition is true. Except the low

level, the set of control laws cannot be built heseaof its ) .
size. At the upper level for the coordination ofeth controll syst(_am .does not pilot directly th.e prodéic
taskblock, the authors propose to use the supeyvisoeVOIUt'onS’ it pilots the resource evolutions. Thuge
control approach. propose to represent the pontrolled system mo_ddhebyset
of the product flow evolutions, the resource eviohg and
According to French [3], the general scheduling{;};a links betwgen the product flow and resourcdm’mn;
problem is to find a sequence of operations, cagrgut ith these I|nks_ and from product flow evolutions
one or several tasks, which is a feasible schecane respecting the .objectlves_, we can deduce the. MEGESS
: " resource evolutions, and in this way we can autizailbt

optimal with respect to some performance criterién. synthesize a control law. If the product flow ams$aurce
operation represents the use of a resource to peodu ynthe . P . )
evolutions are modeled in a same operation, its einod

service. Contrary to two previous synthesis apgrescthe . -
scheduling is not a method with one algorithm and geflnes this fink.
controlled system model that is exactly definedhwiite

modeled constraint point of view. Each schedulingpbfem

[ Compiled or interpreted control law ]

To achieve its basic function, the manufacturing
system must control the product flow evolutions.t g



5.1 SAPHIR on C1 defines the controlled resource and its emluo
have the expected effect on the product. Finalhg t
This section presents an application example based operation model must represent not only the effecthe
the loading system (see Figure 3) of the resealatfopm  product state but also the effect on the resoutate s
Saphir of the Laboratoire d’Automatique de Grenplife  running the operation. An effect is defined by thial,
France. This platform is dedicated to the assendfly intermediate and final states which respectivelyespond
camshafts. A rotating storage been made up ofyawith  to the states before, during and after the operatianing.
four places is used to receive until six differéimds of The effects on the resource and on the produateisepted
products. These products are identified by a weighk the “Effects” column in Figure 4. The initialeses of C1
identification system. Once a product has beentifiieth &  and the product are the conditions for starting E&1d the

central conveyor drives it to a sorting device. 8apbot  intermediate and final states are the result of E@l
takes the different products to assembly them. Aunning.

shopworker is charged to fill the rotating storaaye to

empty the assembly station. The effect modeling does not take the security and
environmental constraints into account. Indeed; thodel
/@\\ does not guarantee collision between the cylindéliisbe
e F s avoided. For that, C1 can extend if cylinder 2 (Q2)
Sorsse retracted before and during the EC1 running. lfweet to
T demitaon avoid product falls from the weighing post, other
e constraints must be respected: no product betwesmdAV
before the EC1 running, and no product in W befamd
during the EC1 running. The EC1 running ends adelyra
only if constraints on the other resources andpiualuct
flow are respected before (pre-constraints) andindur
Figure 3. Loading system of SAPHIR (constraints) the EC1 running, as in the associated
constraints in Figure 4.

storage

\ Cylinder 1 I

5.2 Preliminaries

From this instance, if we consider a control laattis To optimize the control law, the quantifiable eria
able to put identified products on the central @yor, two &€ necessary like the time cycle, the cost, etcadsess
sets of the operations can be characterized. Ifirsteset, these criteria, the operation modeling must give th
the operations have an effect on the resource atateon operation features like the operation cost andtauraFor
the product flow state (i.e. “extend cylinder lathmoves [éasons of concision, only the operation duratiraken
the product from A on the tray to W on the weight'mo account in this paper. The EC1 model definthg
identification system). In the second set, the afiens effects, the constraints and the duration charaet®rone
have only an effect on the resource state (i.etrace Pehaviorwhen C1 extends.
cylinder 17”). According to the set that an openati®longs

to, the reason for its existence and for its positin the (Duration;1s Extend Cylinder 1 (ECI) A
control law depends on the operation goal. The atjmars Effects on Associated constraints on

of the first set put the product flow in the exmetistate. resource product other resources __product flow
But to run these operations, the resources musetimes C1 retracted pos. PinA C2 retracted pos. | N0 et Aznd W
be in a particular state. The operations of themsgcset C1 intermediate pos| P bet. Aand W C2 retracted pos. NoPin W
make it possible to put the resources in this state C1 extended pos. PinW

-
N

5.3 Operation model

. . . Figure 4. Partial “extend cylinder 1” operation
First, the “extend cylinder 1" (EC1) operation nsbd g 4 P

with an effect on the product flow (EC1 moves thedoict The controlled system model must represent
from A to W) is submitted. By a simple observatioinall ~ everything the controlled system is capable of gdi|.
the possible behaviors when C1 extends, this mislel For example, C1 can also extend without any effecthe
refined, and finally the general operation modethwits ~ product. Contrary to the behavior with effect ore th
properties is proposed. product, no product must be in A, but a product learin
W. So for the same evolution of the resource ¢feden the
To choose the operations to reach the final produ¢etracted position to the extended position), tebdviors
state given by the objectives, it is required toveha exist depending on the initial state of the prodlest (with
information on the effect on the product. But tavénahis ~ Or without a product in A). In this case, we candeiceither
effect, EC1 must also modify the cylinder 1 (CBtstfrom €ach of the behaviors with one operation or the two
the retracted position to the extended positiore €ffect behaviors with only one operation. If we consideattan



operation defines one behavior, then there areEtBg 1 second extra behavior condition and this first a&xtr
operation without any effect on the product andBE@L 2 behavior pre-constraint cannot be true at the same.
operation with an effect on the product. The infation on  This condition and this pre-constraint are consder
the effect on C1 and on the associated constramts incompatible. The first and second extra behaviarsnot
modeled in EC1_1 and EC1_2. The modeled information be obtained simultaneously. But a set of extra Wienacan
redundant which increases the number of operatiBns. be obtained simultaneously if both the set of theditions
the two behaviors must be modeled in the same EGiInd the pre-constraints are not incompatible, fibdth the
operation. To avoid information redundancy, the twaset of the intermediate product states and thetints are
behaviors must be followed by a basic behavior Wwhwdl  not incompatible. For instance, rotating the traguarter
be completed with an extra behavior. Contrary wdffect turn clockwise is an operation offered by the tragource.
on C1, if we observe the EC1 model in Figure 4caenot If there are four products on the four places, thieis
distinguish the associated constraints. So, thestcamints operation will have simultaneously four extra bebes/
associated with the effect on the resource musteparate (each product will rotate a quarter turn).

from the constraints associated with the effect tbe

product. Finally, EC1 is modeled by a basic behavio To finish the operation modeling, we are now
which defines the effect on C1 with the associatethterested in the operation without any effect ko product
constraints, and by an extra behavior, which dsfittee flow. With the suggested operation model, theseaijfmns
effect on the product and the associated constrairiie can be also modeled. They have only a basic behawid
EC1 has a third behavior. Indeed, C1 can also tendgd they do not have any extra behavior.

with an effect on the product if the product istially

between A and W. Thus, the complete EC1 model\uas t In the preliminaries, we have highlighted two sefts
extra behaviors, as in Figure 5. Generally speakihg operations: with or without effects on the produthis
operation model can have several extra behaviors. déperation classification is not sufficiently acaerdgowards
behavior will be obtained if the condition on tinétial state the product flow state. Some state variables ofptioeluct
(of the resource or the product) is true and trso@ated flow result from the product specifications likeogeetric
pre-constraints and constraints are respected. filee forms, etc. And other state variables of the prodioowv
constraints and the constraints will be notedesult from resources and their position in the

(pre-)constraints in this paper. manufacturing system. According to the state viemb
modified by an operation running, we have identifteree
”Duraﬁon. is Extend Cylinder 1 (EC1) )  kinds of operations, presented in Figure 6.
( Y Effectontheresource |  Associated constraints ) _ : _
) .é C1 retracted pos. C2 retracted pos. Operation 1 Operatlontz Operauont3
23 - € product are are no are no
o E C(j1 |ntter;n.dPos. C2 retracted pos. - Speciicaions modified modified modified
extenaed pos.
& d A J State | fiow ¢ product can be are are not
( Y 1effectontheproduct Y Associated constraints ) Va“afbles specifications | modified modified modified
0
S5 PinA No P bet. A and W can be can be are
% = NoP on W TeSOMIces modified modified modified
% § P bet. Aand W NoPonW
PinW
(& A J . . .
(" _ | 2veffectonthe product ) Associated constraints ) Figure 6. Three kinds of operations
Bus P bet. Aand W No P on W
2 8 Pbet Aand W NoP on W 5.4 Information on the specific states
= Q
a5 PinW : ;
W\ A ] y) When a product is located in F on the central

conveyor, no operation offered by the loading systan
evacuate this product. Nevertheless, the “No produé&”
state is a pre-constraint and a constraint of éx¢éehd C2”
The EC1 running will have an effect on C1 and n®peration with an effect on the product. So an afien
effect on the product flow if the basic behaviondae sequence to reach this state does not exist. Tad avo
obtained and if all the extra behavior conditions false: ~searching for such sequence, information on theifip
no product in A and no product between A and W. Thétate must be represented in the controlled systectel.
EC1 running will have only the first effect on theoduct, if ~ The environment (sensors, other control systemsyahu
the basic behavior and the first extra behavior ban operators) of the loading system provides thisrimftion.

obtained and if the second extra behavior condisdialse Thus, the controlled system model is the set ofatjmns
(no product between A and W). with a specific state list like “No product in F”.

Figure 5. Complete “extend cylinder 1" operation

The negation of this condition is one of the fistra
behavior pre-constraints on the product flow. Sais t



6 Automated control law synthesis the (pre-)constraints on SV to run the operations 1
without modifying SVRIS. And finally as operations 3

An operation is an elementary brick. The asserobly annot modify SVPIS and SVPIS (see Figure 6), they can
two bricks creates a link between these brickss Tihk is be added at the second sequence to respect thitimumd
not modeled in the .controll.ed system r_nodel, bmm,SF be  and the (pre-)constraints on SVR to run operatibasd 2
found by a synthesis algorithm according to theectjes. without modifying SVRIS and SVEIS. For reasons of

Finally, a control law is a particular assembly thie Ay v the buildi ¢ .
elementary bricks. The proposed controlled systesdah concision, only the bullding sequences o operat@rgre
' presented. The sequences of operations 1 and Budte

does not represent all the possible control lawk&nT from with the same method
the initial PF&R state and the objectives, the glob '

synthesis method builds the acceptable control .laws - .
; : Before building the sequences of operations 2, we
Afterwards, it searches for the optimal control law

according to the criteria. But the set of the ataije must know where to integrate them in the first semge. To

. : run the i operation, the conditons and the

control laws is too large to be built. So, we prepa@an .
automated control law synthesis part by part wibal (pre-)constraints on SV_[ES must. be respected. If the
optimizations: The first synthesis stage generates SYPUIS values after the i-1 operation respect them, tizen
precedence graph, the second synthesis stageatengis OPeration 2 must be added. Otherwise a sequence of
graph to one of the CEI 61131-3 languages. operat!ons 2 are added between the i-1 operat]drtram
operation. To find the sequence of operations 2, an
. . . automata is built and the best way from initialtestéo
6.1 Initial state and Objectives marked state is sought according to the optimizédrmon.

Before defining the initial state and the objeesiy An automata state is characterized by the valuesllof
two details must be clarified. Firstly, the loadisgstem SVPOS. And the event associated with the arcs is an
does not have any operation 1. So in the exampkepted, operation 2. The SVPS value after i-1 operation defines
there is not any State Variable of the Product flowhe initial automata state. From this state, adl dperations
belonging to the product Specifications, notedhis paper 2 able to run are sought. Then, for each opera&itound,
SVPOS. Secondly, the operator can add or remove then automata state after operation 2 is calculatmah the
products in C. He does not inform the control gystdout operation model. The same technique is appliedaah e
his actions. And the product presence (or abseinc#)e new state, except if the new state is a markee staich
tray is known when the product arrives in A. SocCnthe respects the conditions and the (pre-)constramtS\oPLS
value of the position variable is unknown. Now thigial  of the i operation. For the loading system, theeeret any
state can be defined. For the state variableseoptbduct operations 1. To find the only operation 2 sequgrtice
flow not belonging to the product specification®/P81S), automaton built has fifteen states, twenty-fivesamod two
the values are: no product in A, W, F and betwdetha marked states. Part of it is presented in Figur®nly the
points; unknown in B, C and D; non-identified fopeduct modified SVRIS for this part are written in the states. From
in B, C and D. For the state variables of the resmal this automaton, the TTC, EC1, IP and EC2 operafion
(SVR), the values are: C1 in the retracted positld2 in  sequence is found (see Figure 8).
the retracted position, The tray in the indexedtmoswith
a null speed.

inA:NoP
in B: unknow n
in D: unknow n

As soon as possible, an identified product mugiute
in F on the central conveyor. The final state ofs th
objective defines only the values of some &P no
prOdUCt between w and F_’ between F and G’ prOd“Et ! TTC: rotating the Tray a quarter Turn Clockwise
identified for the prOdUCt in F. The Optlmlzed erion Is TTCC: rotating the Tray a quarter Turn Counterclockwise
the time cycle.

inA:P
inB:No P
in D: unknow n

inA:No P
inB:No P
in D: unknow n

inA: P
in B: unknown
In D: No P

inA:No P
in B: unknown
InD: No P

Figure 7. Partial automata of operations 2

6.2 Synthesis algorithm ) , ) )
The insertion of the sequences of operations thén

The first synthesis stage (generate a precedenggcond sequence is based on the same method as the
graph) is split into two algorithm steps: geneatgraph for  addition of the sequences of operations 2 in thst fi
one product and generate a graph for several pt&dlio  sequence. The only exception is for a sequence of
reduce the complexity of the first algorithm stéfpe first  operations 3: it is added before the j operatiothénsecond
sequence with only operations 1 is defined to nyotie  sequence, but it is not necessarily added afterjthe
only SVAIS from the initial state to the final state. Asoperation. Indeed operations 3 do not have anteffethe
operations 2 cannot modify SIS (see Figure 6), they can product; They can be run at the same time as dpesat
be added at the first sequence to respect thetammsland or 2. To minimize the time cycle, we search for ¢aeliest



time when each operation 3 can be run. A precedenee Conclusion and Future Works
constraint is added before operation 3, as in ti&l R

operation 3 in Figure 8. At the end of the firsgalithm In this paper, problem of controlled system maugli
step, the precedence graph for one product is, likdtthe and the automated control law synthesis is deddit,Feach
grey area in Figure 8. resource is described by all the offered operatidrise
structure of a proposed operation model is gendiiis
T T T s T . model is composed of the basic behavior and of no o
V/ /,/’ RCI1 N several extra behaviors. A behavior is defined myefiect
Tpo_PinA ECI“ i B - gnd the .assomated (pre-_)g:onstralnts. AII the djmers with
. information on the specific states define the maafethe
NoPinA No P bet. F and G controlled system. Then, from the initial state thie

resources and the product flow, the first synthetige

T ————— defined a precedence graph according to the ofsexti
IP: Identify the Product; ECi: Extend Cylinder i; RCi: Retract Cylinder i Finally, the second synthesis stage translatepriteedence
graph to one of the IEC 61131-3 languages.

Graph for one product

Figure 8. The precedence graphs Future works will first focus on a the validatiohour

To build the graph for several products, the sdconsynthesis approach in an industrial context inadLC
algorithm step considers the possibility of applyimgain programmers department. Second, based on such a
the previously defined precedence graph for a skcowalidation, the synthesis algorithm will be intetgihin PLC
product. To run the operations of the second gi@ptie to test the dynamic reconfiguration abilities.
earliest, operations 3 and the precedence cortstraie
added betwgen the operations of the fjrst and doergl References
graphs. For instance, the TTC operation for theoseéc
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