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Reconfiguration Analysis
using Generic Component Models

Anne-Lise Gehin, Marcel Staroswiecki

Abstract—This paper presents a formal approach to analyze  Different approaches have been proposed to the design of
system reconfigurability, based on a Generic Component Mode FTC algorithms under actuator faults [10], [11], [12], onser
(GCM), which describes the system from the services providk faults [13], [14]. Most of them use the quantitative system

by its components, and their organization into Operating Males, . - .
in order to achieve specific objectives. behavior model, for example, state and output equatiortsein t

Following a bottom-up approach, services provided by ele- time domain. Integrating such approaches in complex system
mentary components are used as resources for services at athat involve human operators in the control loop, needs the
higher level. Several versions exist when the same servicarc development of a decision support system to analyze faulty
be rendered by using distinct sets of resources. Reconfigufan  git,ations and inform the operators about the differenspos

results from the existence of multiple versions, since a fdty . . . L
resource does not imply loosing the services that use it. Avel bilities the system still has (or not) to achieve its objeesi

regulation example shows the effectiveness of the proposetbdel  iN @ qualitative way.
and tools. In this paper, we propose to analyze system reconfigunabilit
Index Terms—Reconfigurability Analysis, Generic Component using a generic component model (GCM), first introduced for

Model, Fault Tolerant Control, Functional Decomposition. studying the interoperability of intelligent instrumer{ts5].
This model is based on the notions of service and their

organization into User Selected Operating Modes (USOMS).
. INTRODUCTION Modelling the component services requires a functional ap-

HE increasing demand for safety and reliability calls foproach, which has been used in the design of control or

the integration of Fault Detection and Isolation (FDI) andiagnosis systems [16], [17], [18]. The proposed model in-
Fault Tolerant Control (FTC) issues, at the very early stageludes more general features (e.g. service versions, iagabl
of control systems design. A lot of effort has been directed €onditions, operating modes going further than the classic
the design of efficient FDI algorithms [1], [2]. TypicallyDF  distinction between normal and faulty, etc.), for buildiag
involves checking the consistency of observations fronrélaé  on-line decision support system to analyze the fault tolesa
time system operation with prior available, model-basgd [Possibilities, and assist the operators in case of failutesan
or data-based [4] knowledge. FTC issues have been condidéie applied at any hierarchical level of a system, since dual
more recently [5]. Typically, the problem is to control teeth for the modelling of high-level components by aggregating
extent possible the operation of the system in the presehcdaw-level models [19].

fault(s). What is meant by control, in this situation, is defi ~ The paper is organized as follows. The generic component
in [6] under three major headings: model is presented in Section 2 and used in Section 3 to model
1) continue the system operation without (unbearable) Io€l Nominal behavior of a system. Section 4 shows its ability
of performance to analyze the system reconfiguration possibilities. 8acs
' l|ustrates the proposed approach on a level regulatiooga®

2) continue the system operation with reduced specific X X
tions Section 6 presents concluding remarks.

3) abandon the mission while avoiding disaster. Il. THE GENERIC COMPONENT MODEL

A more precise statement of the FTC problem is given in 1o Generic Components Model (GCM) describes compo-
[7], [8], [9]. FDI algorithms, being part of the informati®ys- a5 from the point of view of the user, who receives sesvice
tem of the supervised process, need information redundangyy can yse them in different operating modes. Users may be
whereas FTC being part of the decision and actuation syst§ify,an operators or other system components, and requests fo
is based on decision and actuation redundancy, i.e., on W@ jces can be addressed through direct or remote connec-
redundancy of the services which are provided to the usersﬁyn_ Interconnections are taken into account by aggregati

the process components_. The _e_X|stence of such a redundqe%r level components into higher level ones. The formal
characterizes the reconfigurability property of a systemat t yegcrintion of GCMs allows for component manipulation in a
is, the potential it has (or not) to continue to carry out it§ystematic way at any hierarchical level

objectives, when some failure occurs [7]. This section introduces the GCM, first using a verbal
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a signal which depends on the level of liquid in a tank. The Fault tolerant components integrate multiple instances
signal may be validated or not, it may be filtered or not, thef a same service, listed as a set of versions. Each
sensor might memorize the minimum (the maximum) valueersion s’ of a service s is a 6-tuple defined as

in a given time window, or provide an alarm if the signak’ = (cons’, prod, proc?, rqst, ena?, res’).

exceeds a given threshold, and so on. All these are exampleBlote that all versions of the same service share the same
of services provided in the normal operating mode. Momequest, and produce the same outputs (so they can be in-
services could be provided in the installation, initialiaa, terchanged), but they cannot be simultaneously enablet, an
degraded operation, maintenance modes, thus giving tlseiserat least one among the inputs, procedures and resources is
the status ofntelligent sensor [20]. different from one version to another one.

A service is described by the variables it consurfeess) The different versions of a same service may obviously
the variables it producdgrod), and a proceduréroc) which differ by their accuracy, running time, energy consumption
transforms the former into the latter. Services are derivéiderefore a preference relation can be defined by the designe
from the components behavior, that is governed by physidhk details of which are not developed here. As a result, the
laws and (possibly) embedded software. For example, a tagét of versions of a service is ordered, the link with enaplin
consumes input and puts out mass flows, and produces a sta@aditions being straightforward: at tintevhen services is
mass, by the procedurg(t) = gin(t) — qout(t), (Wherem is requested, the version which is enabled is the most preferre
the stored massy;,, is the flow in the input pipeg,.: is the one such that all the resources it needs are known to be non-
flow in the output pipe), which follows from the conservatioffiaulty.
of mass; theregulationservice of a controller consumes sig-
nals from sensors and produces signals to actuators angor
to a given algorithm.

Services may be providednconditionallyor on specific ~ Control systems are expected to achieve different objestiv
requests The storage service of a tank is systematicallyat different times. For example, a level regulation objeti
provided (no special request is necessary), at all times ah@kes sense only if the tank has been filled, and a set-
whatever the values of the inputS and outputs; a Senm'int value has been provided to the controller. Therefore,
pro\/ides itsmeasuremenservice on aread request from a the level regulationservice should not be enabled when the
processor. Services may le@abledor not, so as to control tank is empty (during someo-operationmode), or when
the conditions under which the requests are acceptede#te it is emptying (in anend of productionmode), or when it
request should not be enabled when the sensor is knownigdilling up using the maximum input pump flow (during a
be faulty or under maintenance. Both the requesgst) and preparationmode). Theregulation mode should be preceded
the enabling conditiofena) are necessary for a conditionaPy apreparationmode, in which not only the tank is filled up
service to be de"vered, but the request for a service |$¢3Lput also theenter Set-pOinBerVice is enabled. Transition from
by the user, while the enabling condition is processed by tHepreparationto theregulationmode should be possible only
control system. if the tank has really been filled up and the set point hasyreall

The resourceqres) of a service are defined as the sd@een entered.
of hardware and software elements required to the serviceSimilarly to software applications that are decomposed int
realization. Examples of resources are the non leaking tagfknsistent menus, the set of services of a given component is
for a storageservice, the transducer, filter, analog to digita$tructured into several operating modes, which are adsakcia

converter, etc. for theneasuremenservice of a sensor. with specific objectives. These modes are called USQUA=r
Selected Operating Modes)

. USOMs are defined by the design engineer, taking into
B. Versions account functional and safety specifications. A USOM must
Services describe what the user expects to obtain fronplviously contain all the services that are required to ehi
component under normal operation. However, there are tis objectives, and it must not contain services that are not
reasons by which a given servicewill fail to deliver the allowed to run simultaneously for safety reasons.
appropriate value of the variables it produces: More or less standard approaches and methodological tools
- Internal faults affect some resourcess needed by are available for the analysis of the operating modes of
the service. As a result, the actual values of the producptbduction systems [21].
variablesprod are not those specified bgroc. A leak in
a tank is an example of an internal fault. Th_e proceduE;_ Definition of the generic model
m(t) = ¢in(t) — gout(t) does not correctly describe the be-
havior of a leaking tank since the flow associated with the The generic model of a component is now defined.
leak is not taken into account. Definition 1 (Generic model)The generic model of a com-
- External faults affect the inputsonsof the service. A Ponent is defined by:
level regulation service is subject to an external fault whe 1) @ deterministic automataa(M, 7,m") where:
the level value it consumes is false, due to a fault in thelleve « M = {m;,i € I,,,} is a set of User Selected Operating
sensor, or if its time stamp is outdated, due to a fault in the Modes(USOMs) each of which is represented by a vertex
communication system. of the automaton,

C&. User selected operating modes



o T={mj, 4,j€l,} is a set of transitions, each of C'\ system c

which is defined by/"U = {mi, my, C,‘j} Wherem,- is the
origin USOM, m; is the destination USOM, and; is a

el
. " C subsystem 1 @
firing condition, I-1

« m? € M is the initial USOM, that is the mode where the \ ’\ /b
system stays when it is switched on. ¥
2) a set of services S={s;,lel}, each subsystem 3 subsystem 4
of them being a set of pre-ordered versions, / \
si={s],je€J(s;)}. A version of a service is the 6- / \ / \
tuple s{ =< cons{, prody, proc{, rqsty, ena{, res{ >. compl comp2 comp3 ** compn-1 compn

. . . . Fig. 1. Pyramidal decomposition of a system.
3) USOM and services are linked in the following way: 9 yram postt Y

« each USOM is associated with a subset of services

Siy 1 € Ly, With Ueg, S; = S B. Aggregation of Operation Modes
« each USOM is associated with one or several objectives| et ¢, be the set of components modelled at level
to be achieved. I1(l=1,...n), leta,beC_, (I1>2) and letc € C; be a
component that aggregateandb. Let A(M (a), 7(a), m°(a))
lll. BUILDING SYSTEMS FROM COMPONENTS and A(M (b), 7(b),m°(b)) be the deterministic automata

Systems are built from the interconnection of different eonassociated with componenta and b. The automaton
ponents. Indeed, the services delivered by some componemta/(c), r(c),m"(c)) associated with componentis obvi-
consume variables which are produced by services of otlmrsly included in the parallel composition of the two auttena
components. For example, the value produced byrteasure- A(M (a), 7(a), m"(a)) and A(M (b), 7(b), m°(b)):
mentservice of a level sensor is consumed by tegulation o M(c) C M(a) x M(b)
service of a controller, which in turn produces variablesovh 7(c) C 7(a) UT(b)
are consumed by thgower modulatiorservice of the actuator. m0(c) = (mo(a), mO(b))

In the GCM, interconnections are taken into account by |ndeed, lety = (a,8), v € M(c), o € M(a), B € M(b).
considering higher level components which aggregate lowgfis means that the mode of componentc is defined
level ones. Sensors, actuators, process components ar@sakomponent: being in modea and component being
the (lowest) field-level. Hierarchical system architeeiare jn mode 3. The parallel composition exhibits all possible
obtained by creating the GCM of aggregated components,gbdes. However, some of them cannot be given any functional

different levels. interpretation. For example, the associatfaotuator on, sen-
_ sor_off, loop_regulation on), is non-significant and can be
A. The system pyramidal structure eliminated. This is done by hand, according to the system

The interest of creating high level components is to reasspecifications, for each aggregated component. The fatt tha
on high level services, ending at the top level of the overalll possible modes are automatically obtained from thellghra
system and its control objectives. Because systems can he@gposition ensures that no significant mode is forgotten in
components that participate in more than one functionalitpe aggregation process, while non-significant mode ebmin
simultaneously, we use a pyramidal structure (see Fig. tign at each step refrains the combinatorial explosion. The
rather than a hierarchical one, where a low level compongocess can be assisted by using some rules as in [22].
would belong to only one high level component. The number
of levels is decided by the designer so as to obtain tfe Aggregation of services
view of the system which suits him best. Let 1 be the Let S(a) and S(b) be the services offered by two compo-
lowest decomposition level (field components) dnd » be nentsa andb, and let component be their aggregation. Let
the highest decomposition level (the system). In a pyramida= («, 3) be a consistent mode, then any combination of the
structure, the following properties hold > 2): servicesS, (a) (associated with mode of component:) and

« each component of levdl— 1 belongs to at least one S3(b) (associated with modg of componen®) can be used

component of level, to design services provided by componentn other words,

« any component of levélincludes at least one componentiny “program” using “instructions” frony, (a) and.Sz(b) can

of level ] — 1. be a service available in mode

Note that such decomposition is not unique, and the resultMore generally, lef* be a set of components at levet 1
will generally depend on the designer who performs the modnd letc be the component obtained at levédy aggregating
eling task. In industrial processes, high level componsimesy  all components; € T'. Let
themselves, very often, ir_] a way thqt is evident to operators cons(c) = Uger Useser) cons(s) 1)
because they have functional meaning (the steam generator,
the catalytic cracking unit, etc.). For example, reasomibgut prod(c) = Uker Uses(r) prod(s) (2
services is easier if the components which are implied in(aote thatcons(c) N prod(c) may be non-empty, since some
same regulation loop are grouped together. components i’ may consume variables produced by some



other ones). Ley, C prod(c) andx, C cons(c). Creating a  The severity of the failure of a given resource with respect t
relation between:,, andy, can be done (if needed) by designa service can be evaluated by counting the number of versions
ing a procedure such thatons(o) = z,, prod(c) = y, and that are still available after the failure has occurredg¢hare
proc(o) is a program that use the servicggk), k € I'. Since usually called redundancy degrees [10], [13]). A resouote f
several subsets @f and several procedures ov&(k), k € I' which this number is zero is callettitical.

could establish the same relation between the variables of

interest, several versions might exist. The set of all theigas
can be found in a rather automated way, for simple kin
of programs composed of sequences and parallel execution) Critical services:Let O; be the set of control objectives
[23]. Once the services of an aggregated component have baggociated with USOMn;. As long as the serviceS; C S
designed, ordering their versions follows from cost / qyali @ssociated withm, are available, the objectiveS; can be

of service considerations, that are not developed here. ~ achieved (otherwise, the component would be inconsistentl
designed). Note that this is true, by definition, whatever th

IV. ANALYSIS OF FAULT TOLERANCE USING THE GENERIc available versions of these services, because the GCM does
MODEL not need any specific description @égraded performancéf

a version belongs to the list associated with a service in the

GCM, it means that its performance is acceptable (whatever

(% Management of operation modes

Fault tolerance is the possibility of still achieving a give
(set of) objective(s) in the presence of a given (set of)tfall

Therefore. its analvsis rests on thr s the way performances are defined).
erefore, 1s a ayss ests o €e po s_. ... When services of5; become unavailable, some objectives
1) are there services that allow one to achieve the objectiv

of the current USOM? c% O; might turn to be unachievabl€ritical servicesare those

. whose unavailability implies that at least one objectivergf
2) how are these services to be managed when faults occgar?rf y imp ) e

3) how are the USOM to be managed when the objectives, not be achieved. The set of servicisC $, associated

) With m; is, therefore, decomposed intg = S¢ U S7*¢, where
of the current USOM can no longer be achieved due to t are the critical andS* are the non critical ones. For

fault(s)? i . E :
example, theregulation service is critical for theregulation
. . USOM.
A. Management of service versions 2) Staying in a modeWhen non-critical services become

Remind that a service is a set of pre-ordered versionsunavailable, the system can obviously remain in the current
s={s7,j € J(s)}. Each version can be used for the samdSOM, since its objectives can still be achieved: the system
purpose, but the pre-ordering expresses a preference dretwie fault tolerant with respect to the current USOM objective
them. A versions’ of the services should obviously be and the current fault situation. On the contrary, when aalti
disabled whens does not belong to the current USOM. liservices of the current USOM become unavailable, its objec-
should also be disabled when some resourceseid are tives can no longer be achieved, and the system is to be given
detected faulty. A disabled version is calledavailable A other objectives. This is an objective reconfigurationtetrp
service is unavailable when it has no available version.  [7].

Note that switching from one version which becomes un- 3) Transitions between mode$bjective reconfiguration
available to another one which is still available created remeans firing a transition towards an USOM whose objectives
time issues (that are not addressed here). Indeed, duriggome the current ones. The system should, obviously, be
the time delay between the occurrence of the fault and thble to achieve these new objectives, which means that in the
switching of the new version, the faulty system is undetestination USOM, no critical service is unavailable assaiite
nominal control, and that may result in loss of efficiencyf the current fault situation.

(temporary) loss of functionality or - even worse - complete When several USOM can be reached from the current one
loss of control, if reconfiguration occurs too late. Minifnig in the USOM automaton, the choice of the destination USOM
the impact of such transients is a major challenge in thegdesithat is, of the new system objectives) is a decision problem
of active Fault Tolerance, that has received little atmmin that must be considered at the system design stage. Ungess th
the literature [24], [25], [26]. Although the proposed apgch system objectives can be ranked according to a total omglerin
does not specifically address real time issues, it may haation, the solution cannot be automated, thus leavingra v
noted that ranking the versions of a service according to theportant role to human operators in fault situations.
criticality of the switching (switching delay, control byrs, 4) Implementation:The proposed model has been imple-
etc.) is a possible strategy for reconfiguration. mented, by representing the relations between a USOM, its

It is also worth noticing that if a version is not currentlyobjectives and the services which allow the objective fatis
running, it will not be allowed to start, even if requestedjon with an AND-OR tree as shown on Fig. 2. Each USOM
when disabled. However, if it is currently running, disalglia is associated with one tree, whose root is labelled by itssnam
version does not always stop the service delivery. For elamprhe tree connects two types of nodes, nansdwicenodes
an on / off valve normally delivers two serviceég,openand andversionnodes. The successors of/@rsionnode (resp. of
V_close (under only one version). If the valve gets blocked servicenode) areservicenodes (respversionnodes). This
closed, both services are disabled i.e. they become unbliail allows to express that a (higher level) version uses a set of
but V_opencannot be run whil&/_closecannot be stopped. (lower level) services and that a service can be provideéund



USOM 1 Pump P1

N gl

objective 1 objective 2
/ \ /‘\ - -
version 1 version 2 Valve V1
service 1 service 2

Valve V2

SN e

Fig. 3. Two Tank Process.

Fig. 2. AND-OR tree.

several versions. Aersionis an AND node and aerviceis
an OR node. The leaves of the tree correspond to elementary

. ; . : IS *cylindrical of cross-section ared = 0.0154 m?. Mea-
services. Faults (repair operations) remove (restors)iarthe )
. . o . surements available from the process are the water levels
graph. Reconfiguration possibilities result from the exise

of paths between the root and the leaves. If no such p ontinuous sensorg; for tanks7j, and qualitative sensor

exists, USOM reconfiguration must be considered. The set 6t for tank 7). The qualitative values are associated with the

the USOM trees is analyzed at each occurrence of a fa@\g T]tivzlos]l?:l = [0,90 em, medium = [9,11] em and

or a repair ope.ratlon, a_llowmg operat_ors (o decide on theThe main aim of the TTS is to provide a continuous water
possibility to switch versions and stay in the current USOVE

or on the obligation to switch to another USOM with differen ow Qy 1o a consumer via an outlgt valiéy, located at the
objectives. ottom of tankT3. The water level in tanky has, therefore,

a{f-) be maintained at the medium level, and T&nks filled by

This procedure does not put a high demand on FDI .
gorithms, but it adapts to the information they are able {(J)umpPl up to a nominal water level of 50 cm. The flod,

provide. In the ideal case, any single fault is known from F |esp.Q2 between the two tanks are controlled by vahigs

(indeed, fault detection and isolation shows which resze>ur(r:eslo'v2 placed on connecting pipes at levels 0 and 30 cm. Al

is faulty). Similarly, any resource repair is known. Themef valves can only be completely opened or completely closed.

the elementary services that are affected are directly kmo@Or the nominal case, valvé; is closed and not in use. Valve
is used to control the water level in tafik and tankl; is

and the whole procedure can be run as described above, !
. . ) controlled by a PI (Proportional Integral) level controllgll
The procedure obviously accepts multiple faults: when isgve . 5 9
: . cross-sections of the valves are equaBi® 107> m=.
resources are faulty, there is a set of elementary services
(instead of only one) which become unavailable. When FDI o ) o
cannot isolate the fault but instead provides a set of ressurB- TTS objectives and their organization
amongst which one or several are faulty, then the algorithmFor the TTS, six control objectives and five USOMs are
just performs the same way: every service which needs sodgfined:
of the suspected resources is considered as unavailable. Fi .
. . o COp : No action
nally, the reconfiguration possibilities can be researdahash ) _ )
if FDI does not locate faults at the resource level, but at the CO1: Reach the level set points as quickly as possible
level of non elementary services. CO, : Regulate the levels to the set points
FoII(_)wing_the det(_-:tc_t?o_n and isolatipn of a fauIF, _existing CO;: Completely empty the system
reconfiguration possibilities are associated with exispaths
in the AND-OR tree. Finding these paths is easy, and provides _
the operators with a good decision support system for regonfi is supposed to be dangerous)
uration. Choosing one reconfiguration possibility, wheresal COs : Maintain the system operation ability
ones exist, is a decision problem that is not addressed hergoz, :  No operation
(different strategies can be used, e.g. confining the fault .
. N - SOM; : Preparation
the lowest possible level, switching a minimum number o

CO4 : Do not spoil the environment (the liquid in the tank

Components)_ USOMQ : Regulation
USOM; : End of production
V. EXAMPLE: THE TWO TANK SYSTEM (TTS) USOM, : Fall back
A. TTS description The USOM automaton is shown on Fig. 4 where the

The example presents a part of a level control processtation{*} specifies the control objectives the system has
composed of two identical tanks (see Fig. 3). Each tan& achieve for the given USOM.



preparation
start of {1, 4}
production

no operation
{0}

normal end
of regulation
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_ problem
in operation

regulation
%2, 4}

problem
in operation

. problem
in operation
T

problemlsolved j

end of

fall back
pr%%uat;on {3, 5}

Fig. 4. TTS USOM automaton.

Two Tank System

TN

Level controlled Level controlled

tank 1 tank 2
P1 T1 Cl VvVl V2

c2 L2
Fig. 5. TTS pyramidal decomposition.

L1 T2

C. TTS hierarchical decomposition

3) Valves: As for the sensors, three USOMs are associated
with the TTS valvesUSOM, (not in use) USOM; (man-
ual) and USOM-, (automatic) In USOM; and USOMo,
valveV;, i = 1, 2 provides the servicel;_openandV;_close
associated with an operator request GitOM; and with
a controller request inNUSOM,. The associated proce-
dure isq;(t) = ki.sign (Api(t)) .v/|Api(t)| for V;_openand
qi(t) = 0, VAp;(t) for V;_close where ¢;(t) is the flow
through valvei, Ap;(t) is the pressure drop between its input
and output, and; is a parameter.

4) Pump: The pump USOMs ar& SO M, (not in use)and
USOM, (in use) In USOM, the objective is to operate the
pump according to the requests delivered by the controller
using the service?;_deliver Q. As the pump is supposed to
be perfect, it is described by the procedy(e) = Q(t) where
Q(t) is the flow parameter associated with the request for the
deliver service, and(¢) is the flow really delivered.

5) Controller C;: Three USOMs are distinguished
for Ci;: USOM,y (not in use) USOM,; (tankfilling),
USOM, (level regulation)where the objective itV SOM; is
to fill up the tank as fast as possible using the ser¢icemax
_flow. The objective, inJ SOM, is to regulate the level in the
tank using the servicé€’;_regul

Ci_maxflow is associated with the procedure
Q(t) = @™ and C;_regul is associated with the procedure
Q(t) = min{KP.(h1(t) = I}) + KI. [(h1(t) — I7)dt, Q™**}

As the main objectives of the system are to keep tqﬁhereQmax is the maximum value of the flow which can be

levels in the tanks constant, the TTS is decomposed into t

Ye&uested from pump, 1 is the reference level for the PI

subsystems, each of them associated with a level reQUIatEHhtroller(50 cm), and K P = 1.1073, (resp. K1 = 5.10-°)

loop which includes the components required to processyffs the proportional (resp. integral) coefficients of the Pl
(Fig. 5) where( is the PI controller associated with PUMRegulator.

P, and (s is the on/off controller associated with valvg or
Vs.

D. Component description

The elementary components are the two valvesand V5,
pump Py, tanksT; andTy, sensord.; and L, and controllers
C;, andCs. The GCM of each of them is given below.

6) Controller Cy: The USOMs of controllerCs are:
USOM, (not in use)and USOM, (level regulation) where
the objective inUSOM; is to calculate the valve position
for level regulation using the servigg,_calcul pos V;. This
service consumeh,(t) and produces the control request for
the valveV; according the following procedure:

if hi(t) =low =V, = open

if hi(t) = high = V; = close

1) Tanks: Two USOMs can be distinguished for a tank:

USOM, (not in use) USOM; (in use)

No objective is associated witt/SOMy. In USOM;
each tankT;, ¢ =1, 2 offers the serviceTl;_store on top
of the changeUSOM service. USOM; objective is store

E. Aggregation procedure

1) USOM aggregation: We create the subsystemevel
controlled tank 1which aggregates pumpg’ (2 modes),

some quantity of liquid It can be fulfilled thanks to level sensorL; (3 modes), controller”; (3 modes) and
service T;_storg which is described by the procedurdank 77 (2 modes). The product of th& SOM automata

1i(t) = min {max {0, a; [ Aq;(t)dt}, I} wherel;(t) is
the output frod), corresponding to the level in tarikAg; ()

gives 36 compound modes, amongst which many are incon-
sistent, for example,T{_in_use L;_test P;_not _in_use

is the input ¢ons) corresponding to the difference betweet’i_level regulatior), leaving only five consistent modes

the input pipe and output pipe flows, andis a parameter.

(whose label gives the functional interpretation):

2) SensorsThree USOMs are associated with the TTS sen-

sors:USOM, (notin use) USOM; (test)andUSOM- (au-
tomatic) In USOM; andUSOM- sensorL;, i =1, 2 pro-
vides the servicé,;_levelon an operator request (INSOM; )

or on a controller request (it SOM5). The procedure asso-

ciated withL,_levelis h;(t) = g;(1;(t)) wherel;(t) is the true
level in tanki, h;(¢) is its measured value angl is a given
function.

LCy_not_in_use = ([} _not in_use, L;_not_in_use,
P;_not in_use,Cy_not_in_use)
LC,_start of_production = (I3_in_use, L;_automatic,
Py_in_use,C; _tank filling)
LC_regulation = (I7_in_use, L;_automatic,P;_in_use,
C1_level regulation)



LC)_end of_production = (_in_use, L, _automatic, The servicesLC;_regul and LC5_regul are associated

Pi_notin_use,Ci_notin_use)  to define a service provided by the TTS itself allowing the
LCy_maintenance =T;_not in_use,L;_test, realization of control objective&’O,. This service is defined
P,_not.in_use,C;_not in_use) assys_regul = {LC1_regul, LCs_regul}.
Vv (Ty_in_use,L,_test, P,_in_use,C:_not in_use)

F. Fault scenarios
The USOMs of the subsystertevel controlled tank 2are

defined in the same way. To illustrate the reconfiguration analysis on the TTS, con-
2) Service aggregationSuppose the subsystelevel con- side_r three fal_JIt examples. In the three cases, the curgent o
trolled tank 1is in the regulation modelC;_regulation eration mode s supposed tp be the rggu_laﬂon OneQLMy),
The choice of this mode implies the choicle_of the modeasnd the currently used service for achievifig, is sys regul

1) Scenario 1 ¥; blocked closedServicel;_close cannot

T _in_use Ll_automatlg Pi_In_use Cl_level_regule_ltlonfor be stopped and servidg _open cannot be started. Therefore,
the components belonging fa”; . The low level services from . X
the nominal version,

which the services provided hiyC; can be generated are:

vers.1:
T, _store= (Ag;, 1, proci, rqsty, enaq, resy) {Ts_store, La_level, Co_calculate, Vi o_close, Vi_open}
Ly_level = (hy, 11, proca, rqsta, enas, ress) to provide LC,_regul becomes unavailable but the degraded
Ci_regul = ((hi,w1), Q1, procs, rqsts, enas, ress) version,

vers.2:

Pr_deliver.Q = (Q1, qu, proca, rqsts, enas, ress). {Ty_store, Ls_level, Co_calculate, Vi o_close, Va_open}

The sets defined in (1)-(2) ag@rod(LC1)={l1,Q1,¢1} and remains available. The serviceys_regul is not directly
cons(LCy1) = {Agi, hi, w1, Q1) affected by the fault and’O, can still be achieved, using the
Running the sequence of low level servigasasurecom- second version of.C5_regul, that is using valve/; instead
pute actuatecreates a relation betweén,w; and¢;. The Of valve ;.
functional interpretation is a@egulation service provided by = 2) Scenario 2 -V; blocked open:Service Vi_open gets
the high level componentC;. The associated program is: Permanent in time and servidg_close becomes unavailable.
Therefore, all the versions (vers.1 and vers.2)L6f;_regul
become unavailable, which implies the unavailability oé th
servicesys regul and the impossibility to fulfill the regulation
. . i objective. The system has to be switched to an USOM in which
request the actuation service Bf (P_deliver Q1) this objective does not appear, namely thikback USOM or
until end of LC}_regul the end of productiolJSOM.
Since only the presence/absence of low level services (anql;) Scenario 3 - leak ify: The storage servic@,_store
not the way they are organized) is of interest in the sequgkcomes unavailable and the environment protection dwgect
the high level services are summarized by the set of low Iev@oél) can no longer be fulfilled. The system has to be
services they need : switched to an USOM in which this objective does not appear,

LCy_regul = {Ty_store, Ly_level, C1_regul, deliver_Q1 } namely thefall back USOM. In this USOM, achieving’Os
leads to completely empty the tanks.

repeat
request the measurement servicelof (L,_leve)
request the calculation service 6% (C;_regul)

In the regulation mode, services of the subsystewel
controlled tank 2 are defined fromT,_store, Lo _level,
Cy_calculate, Vi_open, Vi_close (i = 1,2). Considering the
cross-sections of the different valves and the levels in theThe Generic Component Model is a formalized description
different tanks as defined by the nominal regulation cood#i of the operation of devices at any hierarchical level of a-con
(1 = 50 cm, I = 10 cm), the outflow to the consumer istrolled system. It is well suited for human operators reaspn
always lower than the flow through any valig or V.. since the features it implements are directly connectetl wit
Consequently, the level in tank, decreases when the twothe operator point of view, namely operating modes, dedigter
valvesV; and V5 are closed and increases when one valhservices, and achieved objectives.
at least is open. Two versions of the regulation service of The GCM provides a systematic tool for finding the different
LC; can then be designed by using only one valve for theconfiguration strategies of a system when faults occur.
regulation: Within a given operating mode, a system is reconfigurable
if there exist different versions of the services which alio

VI. CONCLUSIONS

LC\YIQG—rge‘lq_UZ - achieve its current objectives. These versions are ranked a
(T st;)r'e Ls_level, Cy_caleulate, Vi o_close, Vi_open} cording to a preference relation. This allows an automagat! r
\Q/Ers o T ) V1,2_€L08€, V1_0p time management of the system configurations, when faults

occur, as long as needed service versions are availablen Whe
the objectives of a given operating mode can no longer be

Using the two valves for the regulation is supposed not sxhieved, the reconfiguration procedure changes the amgrat
be considered by the designer. mode.

{Ty_store, Lo_level, Co_calculate, Vi o_close, Va_open}



By automatically analyzing not only the hardware compg@t2] S. Chen, G. Tao and S. M. Joshi, “On matching conditiasafiaptive
nent redundancies but above all the functional redundancie
(expressed in terms of services), the proposed approaeh tatl_f3]
an active part in the design of control reconfiguration laws.

Unlike in multi-model approaches, all control laws must bet
pre-designed, and reconfiguration solutions can be datedni

14]

on line on the basis of the AND/OR tree. This tree allows to

analyze the system reconfigurability in the presence otdaull1°]
since it essentially depends on the pattern of AND/OR nodes.
Moreover, the approach holds for multiple faults, does ngis]

require a complete fault isolation mechanism and is notéichi
to a restricted class of faults. The potentially dangeresgés
associated with the switching between different configanst
are minimized by ranking the different versions and by favo
ing local reconfiguration at lower level components rathant
at higher level subsystems.

17]

fis)

As for a wide range of modelling processes, building th®l
AND/OR tree requires human operators. Very few systems can
be modelled completely automatically (except in very sinpl20]

cases, for example electric circuits), and modelling pigrad
which result in sets of rules to be respected (like e.g. thedBo

[21]

Graphs energetic frame) are welcome. We believe that the

generic component model defines such a consistent framew[%

as far as functional modelling is concerned in a fault taleea
context.

The GCM and the associated aggregation and reasonj

n
tools were applied to more complex systems (steam genera 033

complex gasifier) in the CHEM FP5 European contraahd

they were implemented in a general Decision Support System

for process supervision (see www.chem-dss.org).
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