MODEL BASED INTELLIGENT PROCESS CONTROL FOIR.
COGENERATOR PLANTS

CGrabor Karsal, Janoe Selipanovils, Sanir Padalkar, Coaba Hiegl
Vanderbill Universily, Mashwlle, T 37235 USA
Nobuji Miyasalka, Koji O koda
Qmaka (fam Comnpany, Osaka, Japan



Abstract

This paper describes & new approach far the design and implementation af an intelligent mmmitaring
and diagnoetic system for & complex, practical system: & co-generatar plant. The methadology is
based on mulfiple aspeck modeling and model inferprefafion, which is used for instantiating a run—
time syetemn baeed on a greph-model of eomputatiom. Sensory input signaels from the plant are
procseed and nterpreted in the eontext of varinus maodels of the cogeneratnr eyetem In read-fime.
The system demmmetrated that the madel based approach has a eignificant impact oot aoly oo the
functinnal perfarmance of the eomtrol evetem, but dramatically reduces deralopment time as wall.
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INTRODUCTION

Incresing antmmomy in industril process plants 38 a central goal of antomation resesreh. The
problem is specified as maintaining the ability to reliably monitor and operate plants under un-
foressen circumetanees such as fanlts or eowirnnmentsl changes. Conventinnal monitaringfeontral
eyetems are umally designed by making a numhber af aseumptinne sbmt the plant operatinn. Tt
what happens if thess design-time asumptimms do not hald?

Meowr repsarch directimme on “intellgent sysbems™ attempt to address thess problems. This
paper dipmeees spodfic propertis of intelligent antomatinn eyetems based on mir exporienes with
the design and implementation of an Itelligent Frocss Oomtrol Syetem {IRGS).

Iy process moniforing and damosfics we mean a real-time process that detects annmalies
the plant and identifies their canps within a predictable amount of time. The ultimate purpoes of
porfarming thie taak n resl-time is to ineresse aystem antanamy: theontput of the manitoring and
dizgnretic eyetem can be ueed to make preventive or eorrective actinne an a8 to mamtain the plant
gperatinn in accordancee with defined goals.

Infelligenoe 1s not a well defined attribute far monitaring and diagnoetics syatems. Iowever ane
can characterize it in terme of cupabilities, such aa:

» evaluating and inberpretatinn aof eeneary input W the ermtext determined by the artusl state
and configuratinn of the plant,

» whility tn manitnr and disgnmee in the pressnee of senear faiure,

» ability to match mternal operatinn to actual goale by eelecting amang asailble methods and
recanfiguring mternal eamponents.

The IS has beon designed and implemented with keeping thess obeervatinne in focus. Howr-
ever, it has not besn crested a8 & “generic intelligent system shell” without epecific applicatiom: i
is the result of & 4 year research affort on the devdopment of & madsl based maonitaring and diag-
nretic system for en-generatar plants. Our primary purpaee B to shew that enntrary to prevalent
apiniane, madde based syatems can:

#» mest pepl-time pequirements,
# snhanes robustness and performanes,

» offer a saftware technnlngy thet dramatically improwes implementatinn sfficiency and eystem
teatahility.
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The paper is arganized as follmes: Fimt, we dBcus four background aress: {1} the reassrch
directinms in intelligent manitoring and diagnoetics, {2} the target apphcatim: & co-generator plant,
{1} the Multigraph Architecturs that provided & software snginesting envirmment for this project,
and {1} the warinus design ermeideratinns that hawe influenced the dedign of the system. Mest,
the IS architecture is described, follmwed by the dieenseimn on modeling and madel boilding
techniques. Thi I8 follmwed by & review of some example modde, the run—time syatem, and
detailed descriptinon of twa epecific eomponents. The paper eoneludes with an evaluatinn of IPCS.

BACKGROUND
Hegaarch Directions in Intalligent Manitaring and Diagnastics

Thera are peveral resoarch directiome that foeus on eome ar all of the capabilities af intelligent
mrmitoring and diegnostic eyetems deseribed abave Rrperf sysfem-based approaches try to capture
experiential knowledge about the dynamics of the plant and try to mechanially imitate the opar-
ator's repctinme tn certain events m the plant [B]. Model based syetems follmwr a, different a.pproach:
they inerrparate such information inta the syetem which B arsileble in design time in the form af
mathematical ar physical madels. Thess madel are ueed far the validatinn and interpretatinn of
penenry input sgnals [, trackng changes in the state of the plant, and even far the eontmal af
the remnfignratinn af the procesng eyetem [, Availability of madels B the abwious preconditiom
for applying the made based approach. This eonditiom usually does not ereste any problem @n
the mae of enginesring syetems, whera the plant to be monitared ferntrolled hes & kooemn inbernal
gtruckure and aperatinn.

The Application: Co-Generator Plant

The IS target appheation is a co-generatar plant, which employs a gas turbine as prime meover,
2. 1MWatt electric generatar, and a boiler syatem. The turbine burne natural gee a8 fuel and drives
the generstr that produes eectricity. The waste heat energy of the exhanet gasss 18 used for
generating stenm in the baler system. The co-generatar is & very efficient ey of producing energy
due tn ita vtiliratim of the weste hept. Decanes the syetem produss twa linds of energy {heat
and elertridty}, it is sometimes called a8 Total Enengy Syatem (TIES).

Lconomical operatimm and complexity of the co-generator plant requires a wery high lewel of
gyetem autonamy, epecifieally: {1} the plant shruld operate with mnimal operatar interacting,
{2} the operatar ehmild be informed ermtinumely abant the state of the plent, and (3} if failures
happan, ther pomible canses should be shawn ta the oparatar.

The general requirements for the IS of the co-generatar plant @lled for the following features:
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# cntinunue moniforing of plant operatinn by messuring $1] analag {ermtinuone} and LA digital
{eteitne and alarm} signals,

» providing resl-time dimmosfice, that mvalve the eontinume display and revision of disgnoetie
bypatheses as the stabe of the plant changes,

# high-bandwidth aperdor communingfion through a graphicsl nperator interfaee that provides
structured access to dynamic syatem parameters and disgnostic resulta.

Multigraph Architactura

The I8 has bean implemented in the framesark of the Midfigraph Archiferfere (MOA) MOA
was previoualy deweloped for the design and implementatinn of a broad category of modsl bassd
intelligent syebems operating in real-time environments [LH],[1].

Figure 1 fllustrates the multi-lager architecture af the MO A, The varime layem are as follows:

s Models and Model Meilders. The top-level af MO A -based syatems includes the madels, which
are heternpenenus atruetures reprepenting salected qualitative and quantitative aspects of bath
the environment {syetem ta be eontrolled or monitored) and the eontral ‘monitoring syetem
iteelf. The models are created ueing a graphicl madel builder tool that @mn be tallored for
appheatim epecific madefing ermespta. The and ather toals emetitute the Welkimraph Pro-
gramming Erironment (MPL} and it @n beused for erenting high-lowel gra.phicsl program-
ming envronmentsa that are specific to a given appicatim domamn. (ne mch environment is
the IS model builder envircmment.

» Model Inferprefers. The multiple-aspect models embody the information necessnry to gener-
abe specific inzfances af the executable sompanents af the eontrol fmonitaring syetem. The
process which mapa the models inka evecutable eompoting etructures v ealled model in-
ferprefafion. MO A has & general toalest and methodalngy to define and implement madel

interpreters for different application domaina,

» FErerufion Frnronment. o order to make the model interprebatinn process eomputakinm-
ally femsible {note thet mode mterpreters transform the models intn execntable program
structure dynamicallyr}, a specil enmputatimal madel is need in the Multigraph Iecntiom

The MEL is based on a graph model of enomputatiom, where the enmputatinnel graphe ensist
af twn knd of objects: acfornodes and dafanodes The actnrnndes are operatore containing a
subroutine {called the zcripf} and a eontext table, the former being the piece of code to run when
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Figure 1: The Multigraph Architerture

the actoronde B acheduled, and the latter baing a loeal memary for staoring atate information. The
datanndes are data buffers that connert actornodes to each ather. The actornndes are scheduled
acearding to the dataflmw prindple: wrhenever data is asailable on their mput datanndes they can
exprute their amocinted seript. Thie algarithm can uee and updete the lneal etate informatinn
{in the eontext} and produce dats which is sent to the output datanndes. The actornndes and
datanndes together form a network of processing objects which eonetitutes the executable program
af the applicatirm.

The graph building is dynamic in the sense that {1} ecipte for actormodes can be loaded dy-
namically from enmpiled modules, and {2} the graphe can be eroted dynamically by a eontraol
program. Thees fentures open pomibilities for creating wery flexible and dynamic syetems, that,
eventually, are able to change their own structure during their lifstime.

The mndel nterpreters map the madel structures inkn the structure af the exemtable programs
defined by a control graph. For esample, the model of a monitoring {sgnal processing} system
gtored as & block disgram B mapped intn a eomputational gra.ph made of artnrnndes and datanades
which implement the esmputatinne faor the blocks. A eperial scheduler module, the Multigraph
Kernal (MO K} provides run-time suppart for dynamic echeduling the sementary eomputatiome at

executing time.
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ure A SToT1H TA. abarar
A]]el:err:g Multig ph N '

The MEI is araiable on & wide variety of platforms, induding {1} workstetinns eomnectad viaa
local ares, netwarl, {2} tightly-coupled, shared-memary multiprocesaam (BOE of I [5]), and ()
mesmnge-pasding based multiprocsanr {Transputer! netwark). The programming madel provides
8. unified appraach ta parallel programming: all the aschitertural details are covened by the MO A
programming interface. Processing networks ean be built in 2 heterngenerms manner: parta of the
greph an run on different procesanme. Decanes the amignment of acdtoroodes to processars 18 done
by the mndal interprater fgraph-builder program, the alem entary algarithmae can be demlaped inds-
pendent]ly af the parallel hardware need. Ieterngeneity is supparted: for example the graph builder
crntrol program and a part of the processing graph can run oo a workstation which eommunicates
with & transputer-based miltipromessr ueing the facifities provided by the MUK, and other parte
af the graph are allnested on & et of traneputer nndea. {hetrated in Figure 2.}

MCA offers & wery oetural environment for a broad range of applications and it has heen
mecsafully appled in building warime inteligent syetems, eg. erperiment builder for an MME
instrument [11], intelljgent test integratimm eyetem [132], and reecnfigurable signal processing aystems
[LA].

! Troraputer i & tmdemark of INMOS, Lid
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DESIGN CONSIDERATIONS

The design and implementatinn of IS has been influenced by the following consideratinns.

* Inoorpordfion of models. o accordance with the general methadalngy of the MO A, the madel-
based appranch shruld be followed: madsls are uesd to repressnt the plant and the eantral

ByELem.

# Wodel based prgramming enmironmenf. Oonstructim of complex models requires a. pro-
gramming environment which offsrs domain epecific coneepts, abstractinone and compaositiom
principles, and provides interartive tanls for ineremental maodel- building.

» Auvfomdiic sysfern infegrafion. ecanps the models eontain informatirm abaut the eomponents
of the mmmitnring fdisgnnetic syatem itedf, the mme model ehmld be veed for ermfiguring
thoee syatems. The system integratinn heawily relies on the dynamic linking loading facilities
af MU A,

» Realfime performance. The run-time system shmild axdid veing time-eomenmng ssarch and
memAry managaement techniques and shauld provide predictable responee times.

IPCS ARCHITECTURE

The IS architerture 1a divided mta twa main eompansnta, the Derelopment Shelland the Targek
Hhell

Devalapment Shell

It wasrecognized early in the project that maodel based syetems require special attentinn for buildmng
and maintaining the models, einee most of the ecompledty B eoneentrated within them. The
IFCS Dewolrpment Shell is 8. madel building envirmnment far editing the madels of the manitoring
and dignostic eyetem. Figure 34 illustrates the structure of the Ievelopment Shell. The System
Iditar component eonsiste of varioue spedalred madel bullder and editng tools for creating and
inerementally epecfymg the varime models of the eyatem. freremenfal model building is & eritieal
aapect af the technnlngy: it eonforme ta the actual work-style of design enginesrs wha build specific
mmmitaring /diagnasetic syetem applicatimms. The process engmesrs can directly interact with the
gyetem. Therefnre, there is much legs need far a.eeparate enfterare derelaopment activity then In the
cape of traditnnal ayetems.

Theoutput of the Iewslopment Shell I8 the remnlt of the model building process: & set af modals
which represent the plant and its amsociated monitaring /disgnoetic syetem.
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Figure 1: The Structure af the Dewmlapment Shell

Target Shall

Analyzing the nature of different manitaring /dmgnnetic eystem applicatinne, mme can recognize that
they hawe approdmately the same general structure in exscution time. The differences botwresn
specific syetems are fully determined by the infarmatiom ineluded in the madel. The Target Shell is
an abetractinn that defines the generie strueture {or skelefan) of manitring and disgnmetic systems
a8 18 llustrated in Figure 4. Oomponenta aof the skelston syetem are:

* Phywird Inferfaee: couples the TFCS to an external Dete Acequisitiom Syetem, receives and
digtributes the Inenming analng and digital deta among the eomponents of the monitoring

» Woniforing Sysfem: Inclndes processing modules {sealing . com puting values of process vari-
ables, fanlt detection algorithme, ete.}, and real-time database pointe for etoring messured ar
com puted process variables.

» Dimmostic System: Interprets the ineoming and eomputed alarme and provides fanlt diag-
nnetics In peal-time.
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Figurae 1: The Structure af the Target Shell

#* Cpendor Inferfare: provides structured access to the real-time database ponts and to the
current pet of diagnasetic hypothess.

# Alorm Simdafor Syzferm genetates a. renl-time alarm sequence earreapanding to 2 ealected
fault in the plant. The alarm simulatar s need 28 2. testing toal for the disgnoatics.

Each IPCS implementatinm inenrporates these main ermpements, and m each implementatirm they
are differently emnfigured mn the bams of the information emntained in the applimtion specific
madels.

MODELING AND MODEL BUILDING

The firet step in the design of madel baped syetems ia to answer the follmwing questi-ma:
# What are the modeling eaneepts ta be uped?
» What are their relatirmehips ta each ather?

» What & the most appropriate repregentatinn evetem?



MODEL BASED INTELLILENT PROCINSS CONTROL 4

Mndd-hased manitaring and diagnoetic aystems must inelude extensive informatiom abmt the
plant and their owm internal strueture. Monitoring requires Imowlsdge about physical processes
{material and energy flows ) becanse ther represent the basie fimchonalifies In the plant and de-
termine the abetractinn lewels for heow the plant aperatione are to be presented to the aperator.
Mmitaring alan requires modding of information o (e.g. dataflnws In proecsing ayetems that
caompute process variables and check varimue eonatraints to detect failures), and modsls for operatar
communieatinn. The diagnnetics system uess fanlt madels for repreecting {1} fanlt mades and {2}
fault propegatinn pathe, but alan utilizes the representatirm of the (#} phyeical companent strue-
ture of the plant, beranee the reemlt of fanlt disgnostics hes to be expresesd in terms of physical
companents,

Madeals

The models that arecreated during the madel building process are camplex structurss representing
different aspects of the environment, the ermtral eyetem and the interactinne betwresn the tam.
MNote that by employing madels metesd of hand-ended algerithme the eomplexity of the syetem i
dominantly structural, and the code eomplexdity i typically negligible. This mphes that standard,
affiient, and well-tested algorithme can be utilized ewerywrhere. For each newr application, anly ita
madels hase ta be developed and the the algarithme can remein the same. Thi feature senificant
ghartans the time and required for ayetem develhpment.

The structural complexity problems of the madelk {i.e. that they hase emply too many items
and relatirmehipe ta keep track af} ean mecsafully be attacked by using a technique called meEiple-
azperf madel building. The mndels deseribe the plant from different cepecks, nee different ahatrae
tirme {e.g. abmut the physical structure and/or the plant dynamie), and are typically organized
inta one or maore decom paekion hisrerchies comtralling the lewel of details shawn. O'bwiously, thess
modding asperts can nat be independent from ench ather; the ultimate purpoee of extensive mad-
afing 18 exactly the representatinn of these interactirms. Therefare, the modelng methadalgy has
ta define the relatinnehips between these aspects together with comeistency criberia

Characterizatiom af objects from different aspects is & well-knmem methnd in madelng. There
are Al tnala {ag. ART, [4]} thet directly suppart the ereatirm of “multiple views™ on a resamming
process {e.g. tracking hypothetical situatinne). Aeceording to our experience, the resl diffienlty is
not the representatinn of different aspects, but the sxpression of the interactinne ammg them. The
critical questinn is how ta fadlitate the mell-eatructured reprepentatirm of thess interactirme? MPE
tacklen the problem by allmwing the declaratim of sfrechoraiy independent (81} and sfrecferd iy
dependenf { 811} modeling aspecta for the model building tools.

Two modeling aspects are 81 if the madel structures do oot impoee direct constreints on each



MODEL BASED INTELLILENT PROCINSS CONTROL i

| Daminant Aspect | Dependent Aspect |
Process NModel State Transitinn Aspect
Structural Aspect Foult Fropagatinn Aspect
Mmitaring and Cantrol Aspect
Operatnr Interface Aspert
Simultinn Aspect

| Physical Model | |

Table I Modeling Principles of IFCS

gther. K the mndeling aspects are 8DV, the strueture af the 80 called dominant aspect determines
the structure of the dependenf aapects. In ather words, the dominant aepect provides a eet of
crmetraints and properties that the dependent aspects inherit.

An mpartant isme of modeling is the representation form. The two moet aoften proposed ealu-
tirme are: {1} mle form pomsibly angmented with mimeric repressntatinn achemens, and {2} declara-
tive representation langnages defined aorording to the nature and eoneepta of theselected modeling
diecipines. According to our and other [1] experisnces, rule-oriented representatirm methods are
aften inefficient, intractable, and in & mmber af capss are nat eufficient for general modeling prob-
leoma. The derlarative representation languages affer 5. mich better aalutinn but, their vee is qite
awkward if the models are large. The selacted solution in MPE is graphic model represenfafion i
hierarchirad deromposifion which eerves as a vwery high lewel interface to dedarative representatinn
languagen. Thia graphicsl methadalngy wes applied to the IFCS madel building appraach 2s wall.

Further , declarative languages offer an excellent oppartunity for antomatic test and walidatiom
[11]. The basic approach for doing testing and vabdation in a dedarative framework 18 aa follows:
{1} the declarative language forme are mapped intn & unified graph strucure, {2} tet and valida-
tirm eriteris, are defined for the different madeling aspects, {4} the eriteria, are sxpresed as graph
properties, and {1} graph algarithme are ueed to check the properties. This methodalogy supparta
the antomatic test of the consistency of the Individual modding aspects and the eonsistency ammg
the 8} agpects. A perinus limitatirm of the test appraonch ie that only etatic properties of the models
can be tested this way TlEing a new research directinn, wewill be addressing the problem of testing
the dynamic run-time behavinr of the system.

Madeling Cancepts

The basic modeling prindples ueed m IFCS and ther relatinnehips are summarized in Table I.
The Process Wodel s a dominant aspect that decribes the energ ¥ and material transfer processes
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in the plant. The process model can be eonsidered a8 & functirmal representatinn of plant operatinn
Hinee it defines thoee ermeepts that n be need to specify the required operating eonditioms.

The Sérucfural Aspecf I8 the main aspect of the Process Model that emntaine struetural in-
formatirm about the process. The Sixfe Tranafion Azpeck, Fouli Propagafion Asperi, Woniforing
and Confrol Azperf, Opergior Inferfare Asperf, and Simuelofion Asperf are dependent aspecta tn
the structural aspect. The reesons are {1} the state transitinon aspect represents the pomeible
gtate transitinne and triggering events in the procsas, {2} the fanlt propagatinn aspect representa
annmalies in terme of the required functinnalities {alan epecified In the structural aspect), {4} the
mrmitaoring fenntral aspect specifi|m (2} the information flnwe newesary to calenlate thoee process
variables that can nat be observed directly but are alen defined in the proess modde, and {b}
the amnciated comtral loapa, {41} the operator eommunieatinn must be besed mn the abatractirme
defined in the process mndel, and {G} the {aptinnal} simulation aspecdt represents algnrithme which
can generate simulated data for testing the monitorng and contral eyetem. Indesd, the structure
af the process madel imposss structure and provides eemtect for all four of the dependent aspecta.

Thus, & process madel, P, deseribes a funetirmal entity of the syetem from many sapects at
the game time. Note that the representatinn ineludes nat cmly the plant ta be emmtralled, but alen
the process contral syetem respondible far that eontrol. A PA is the unirm of the varioue aspects
af the mndal

PN =| K P M gries, P Masase, PMaton , PM s . PMoging, P Main )

The two moet important aspects, the structural an fanlt propagation aspects are briefly reviemed
belmar.

PM i yns , the SErecfworad dsperk of the process model, describes the material, enengy and infor-
matimn transfer taking place in the process In the form af ftuples:

P Mepue = (0,00, 5, 8P, Lo, Cn)

whera o, (ro, 5, 5P, Ia, dennte the input and cutput process weriables, the states af the procesa,
the subprocesses, and the local {internal) process variables, respectively (O'n describes the set of
crmnectirme betwresn process variables and processes. The process ¥ considered as & functiomal
entity that tales the valuesm of the mput procese varishles and detsrmines the vahes af the autput
process variable based on the values of local process wariables. The process magy be modeed
terms of its subprocesses and how they connect to the process varmbles {input, mutput or local}
af the parent proeess. This decompaeition can be remireively applied, henes the processss in &
gyetem form a hisrarchical representatirm. Note that the procsss variables and subprocessss are
abgfract enfifiez and do oot play & role during the run—time of the eystem. The structural aspect
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af the process mndel is the Structurally lndependent sapect. The aother aspects areall Structurally
Dependent aapects.

PM ooy, the Foudf Propagafion Aspeck of the process model, repregents the process from the
aapect of failures and failire propagatinn in & process madel hisrarchy. For thie purpaes, it intro-
duces the concept af o faifure mode. Fallure modes represent certain fanlty states of the process
and their relatimmehip ta the failure{s} of phyeical companents of the process. Thie aspect consista
af T-tuples

PMriey = (FM, AQ,CL, FA, 5P PhF M, FProp)

whera the varime ssts are as follmm:

Ff denabes the sst af fallure modes aseachted with a process.

A} denntes the set aof alarm objects related ta the process. Activetinn of an alerm object
indicaten that the procsss I8 W a fallire maode. Thess alarm objects are alan modseled W
Pl e,

(7 I denrtes the set of cawsal finks which represent the failure propagetion. Each caneal link
han thres parameters: {1} the minimum propagation time, (2} the maximum propagation
time, and {:} the propagatinn probability.

FA denrbes the st of fallire made—alarm asnciatiome. K a failure made e associated with
an alarm, the alarm heing artive represents that the process is in the amociated faihire mode.

PhFM denntes the set of physical com panent—faiire mode aeeacitinns. It eimply gives &
list of names af phyeical companenta the fallure af which can introdues the aeeacited faiure
made.

5P denntes the sst of eubprocesaes far the parent process. Thie is the eame a8 in the caps of
Pl cmus.

FProp denmtes the pot of ennnectirme which deaeribe the poseible fallure propegatime. Fail-
ures alwaye propagate almmg caneal linke. They can go from one subprocess to another sub-
process, ar from a subprocsss 10 ane of the fallure modes af the prosesa. The former kind of

crmnectinn represents haw failres propagate from mne subproess to anather subproceas, the
latter mme describe hewr feilures in subprocsess influencs the behasinr of the parent process.

The Physica! Imdel is . dominant aspect that represents the spatial desompadtion af the plant.
The phyeical eomponent hierarchy epecifiss amembliss, sub-aseemblies, aslamentary compements,
indegendently fram ther actual funetirme in the plant operatim. The eame eomponenta may sarve
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multiple funetirme ar, there may be components withaut any funetinnal assignment at 2. epecific time
ingtanes Die ta this, the physical madel is structurally independsnt frem the process model. The
gtructural independenee does nat mean that relatinnehips do notexists betaresn the tara hierarchies.
Logicel linle betwreen processes and physical enmpanents can be represented and are ueed in the

Graphical Madel Building Enviranment

Mndeling requires took for repreeenting the models. The representation technique has to satisfy
teo crmtradictory requirements. Firet, the representatinn system must provide an “mterfacs™ for
the madel designer, i.e. the repressnted madel has tn be easily eomprehensible by humans. Secrmd,
the represented madel has tn be machine repdable finee the models eonetitute the “knmrledge- baps™
which determines the syetem operstirm. Ilased aon theses requiremsnts and an the fact that modsls
expresg dominantly etructural informatinn, MPE supparts tea equivalent representatirm forma:
declarative languagess and the earrespanding graphic reprosentatiom. Models may be expresmed o
grmbalic terms howesyer , graphical ways are preferred due to the apparent expressivensss of vigual
reprepentatiom [f].

The mndel building enviranment is fully graphical and supparte the incrementsl building af
madeds in terms af 81} and 81 aspacts. For emmpls, after starting the madd buoilder ta edit the
fankt propagatim aspect of & procese model, an initis] vemEinn of the fanlt propagetin graph is
antamatically extracted from the process model based on the already defined structural aspect.
This initial madal will then be further refined by the madel designer.

The designer builds the madels ueing ierme: placing them on a drewing board, eonnecting
them, ste. The builder toal then syntheskes the symbalic struetures required in the Tanget Shell,
parforming varimue cherlks and validatinns o the meantime The designer is free to look at {or even
edit} the symbalic madala, but this activity is nat snemragsd.

The Devanpment Shell fadlitates madel building in terme of graphic séreeferes that eonstitube
madeae af the plant on different lewels of sbatractime. Whenerer an abetractinn lewel has heen
identified, & correapanding ieon should be erenbed which will repressnt it an one level higher. The
modedl changos are antnmatieally kapt track of and the deigner ia infarmed whenever an mennsistent
change has been introduced. Any change in the models has to be introduced by modifying the
graphic structure.

The phyeical compeanent hierarchy s represented in the form of & et of Phyeical Model decla-
ratimma that are gimilar ta the Proeess Model declaratirme. The relatirmehips betweon the physical
mnadd hiserarchy and the process madel hierarchy are expressad in the form of links beteresn the
nodes af the twn trees,
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Figure 5: The Structural Aspert of the Orenlatinn Process Maodel

The IPCS5/TES Madals

Figure i and Figure § illuetrate two aspects of & pross model. Figure & llustrates the Sémecfora?
sapect of the Circulgfion process, wheren its mternal structurs and interactirme are defined. This
praceas condiets af four eubprocessss, A Ferburner, Temperafure Confrol, Pump, and Teaf exchianger.
Additirmally, it has the follmwing set of input process variables: Waferfn, (fazfn, Waseln, and
Conérolln. These are pet by the “external” werld. The mitput process varinblea { WasfetuE, and
Wekerfhg, are et by the process for the external werld. Frocesss interactirme are modeled by
connecting process variables to processss. Nobte that thie process aleo has internal variables {=.g.
Waker) that are uped for madeling inkernal proesss interactiom {e.g. betwesn the Pemp procsss and
the ifmf exrharger procesg).

Figure § iluatrates the failure propegatiom disgram for the smme process. Note that the snme
gat of subprocessss are pregent, dince this s juet anmther aspect of the eame process. Moweyer, they
are represented by different ieome. The picture represents how lol failures propagate from one
proces ta anather one, &g the e Temp-hi failuremnde of the Temperafere Confral proces
will Introduce an FrhimesE CGas Termp. Jigh failiremade in the feaf exchianger process. The link s
egtablehed vie & @uasl link {in this case cf 7} containe propagation parameters.

The Procss Model together with its dependent aspects B repressnbed in the form of a process
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Fygure f: The Fanlt Propagatinn Aspect of the Circulation Process Maodel

mode decaration. This declaratim 8 mefomaficad{y gensrated from the drasing. Mote that the
graphical made from a partimlar sepect might be coneidered a8 a special way of lboking at one
part of this declaratinn. Figure 7 illustrates parts af the Circelafisn procas declaratiom.

Table IT illugtrates the complexity of the IPOS models for the cogenerator plant. The de-
welopment of the madel took 4 man-manths. In our judgement, the i8 eomeiderably faster than
crnventinnal methnds for develaping enntral eyetems af this compledty.

Currently, the madels are represented in o Lisp-based language and the madel mber preters ane
written in Liep. Figure 8 illustrates the procss model hierarchy as it i shrwm to the operatar.

Monitored Analng Signals: K-}

Monitnred Igital Signak: L5l]

Number of Fraccanos: 7

Number of failure propagatinn graphs: 1A

Avwerage mmber of fallure modes per process: | B

Size of {eymbalic} madel filea: app. L AMTrtes
fire of executnble syatem: app. hMIrtes

Table IT: IMadal Sizea for the Co-generator Plant
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{DEF-FROCESS |Circuletianl

i+ Imputfoutput procesa wariables

(NaterIn Nastaln GesIn dirTn ContmlIn

-» Natarfut Nestelut)

i+ Frocess failure modes

{I15team Flaow Low| |Steam Flow High| |S5teem Water Flow Lawl

«o. |Exhaust Gas Praa. Hil)

i+ Intarnel process veriablaa

{FVARS Watar Westa)

i+ Statas, treansitiona, atc.

{STATES {|Operational| ¥IL) {|¥elwea Open| MIL})

{STATE-DEPS {|Valwes Openl ... )

(TRANSTITIONS) (FARIMETERS)

;7 Signels, avants and alarma associated with the procass
{SIGHALS {ldnalog Signall SIGMAL)) {(ENENTS)

{ALABMS |Circ. Exhenst Gas Tamp. Hil |¥o. 3 Exp. Diff. Pras. Lal)
i+ Data acquisition imterfaca

(INTERFACE ({CECTH-IFF ALABMIFF) -3 |Circ. Exhanst Ges Tamp. Hil)

i+ Fault propagstion graph
{FAULT-GRAFH

{{{ITamparatura Contral| |Exhaust Temp-hilJ})

{1c117]| {|Velwes Opan|) 10 & 15)

{|Hast exchenger| |Exhsvst Ges Tamp. Highl)a)
i+ Oparetar panel far thia process
{PANEL {|Circulation Pansl| {|Circulation-pracl .... }))
i+ Subproceases of the Circulation process
{SUBFROC
{ | Aftarturnar |

{ |iftarburnar| {|WestaIn] |8asIn] JhirIn] |ContralIn] -3% [Westa])))
{ ITamparatura Cantral |

{ ITamparatira Caomtrall (IWastal -3> |Westatut|)))
{1Pmp| {|Circuletion Fump|l {INaterIno| -> [Watarl|)))
{ |Heat exchengar|

{ |Baat Exchanger-IT| {IWetar| > [Water(utlia)i)

Figure 7! An example process model declaratinon: Circnlatim Process
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Figure §: The Process Mierarchy of IFCSTES

TARGET SYSTEM

Ap wre hare mentinned bafore, 2. target eystem i an metantiatinn of the Target Shell. The instan-
tintirmm is performed by & process called macffipke-aspecE model inferprefafion. Modd inberpretars
belmmging to ech component of the sheleton syetem trasemse the madel struciures and build the
internal structure of the executable system by creeting the contmal graph for the ewemtim eovi-
ronment in the mesntime. The sgnificance of this technique s the fallmring:

» Aufomafic sysfert infegrafion. Companents of the target syetem are generated fram the eme,
crmeistent madel set aufsmafically. The autnmatic inbegratiom nearly elimnates the time and
affnrt nesded to integrate a.epecfic applicatirm. Maring & run-time library for the Tanget Shell
com panenta, development of a new system I8 practically reduced ta the graphically supported
madel building .

» Nodificafion. Smilarly, modificatiom af the manitoring and disgnoetic eyetem a8 & reapanes
tn changms in the plant ermfiguratim requires changes only in the model. Iffects of thess
changes will be antomatically propagabed to the target system in the madel interpretatinn
process.
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# Speed. In the MU A, the eantral-fimer af the madel interpretatinn and the real-time procssng
gyetems of the tanget syetem are separated; connertinn {and the necessery synchronization
i8 erepted cnly when the target system hes to be fully ar partially reconfigured. As a result
of thia ealutimn, the run-time spesd of the target evetem components is eomparable to that
of the ermwentinnal syetems. In the enrrent implementation, the tanget syetem is lInled from
() program maodules.

Hun-time System Architectnre

The Target Shell is implemented a8 twn majar com panents:
# Mnodel Interprater and [xecntirm Eovironment,
# Operater Interface.

The firet companent crmtnrine the varfinus madsel mterpreters that process the aymbalic models
and creste M A computational graphs in the Ivecution Eovironment. These graphs are interfaced
ta a dats. acquisitinn eyetem providing eommunieatiom with the plant instrumentatirm hardware.
Acenrding ta the farilities provided by MOK, thess networks can exist in mne [lnix process, o
many processes on the same {multitasked} CFT, ar In many processss rediding on different CF(a
crnnected thremgh eome relishle communication netwark {eg. Ithernet). All the echeduling af the
procemeng nades I8 done under the eantral af the MUK achedular.

The everntimn envirnnment emmeits of two main eomponents: the monitoring eyetem and the
diagnretim syetem. The disgnmatics syetem uses affident graph-algorithme for reaanning [4] oo the
fault propagation gra.phe eontained in the process madals. Figure ¥ illustrates a. implified disgram
af the manitaring and disgnmetirs run-time ayebem.

The Operatar Interface ecmpanent s responaible far all aperatar interfare ermmminicatiom. It is
built aeearding to the operatar interface models, and it provides varinue facifities for ueer input and
mtput. It ip interfared tn the sxsentinn envirnnment ueing standard interprocess enmmunicstiom
mechaniema. All the user interartinn abstractinne were implemented ueng standard ¥ window
gyetem widgets. We found that becanee af the event—driven nature of the X window based programs
it was wery appraprisbe to implement the operatnr interface as a separabes process rather than
inenrparating it inta the exemtimm environment.

The monitaoring and diagnoetis evstem crested by the model interpreters is highly paralld.
Decanse all the computatinns are expreped in the form af the Multigraph netwark, the ecomputatioms
rm paralisl branches of the graph mn be eperuted conenrrently. In fact, we hare made sxpoariments
by parallblizing the disgnnstics algarithme and ran them on a multiprocesanr (I B}, while the
regt of the eyetem was executing on & worketation. {llustrated m Figure 1.}
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Figure 41: The Bun-Time System Architecture

Figure 111: Paralled Miagnnetirs and Monitaring
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EXPERIENCE

The mndel based syetem buildng approach has proved to be extremely flexible and offident. All
af the madels af the eo-generator application hase been built in approximatsly 1 man-monthe by
poranns whn were nnt aaftemre engineers,

The syetem rune on an ITF WN] Series #] werletation which s eonnected tn an TP dats
acquigition eyetem. The model interpreters are implemented in Lisp. All run—time modules are
implemented in (i. Craphical suppart i provided by the X windmwr syetem.

The syetem underwent fisld test in May 1884, iIn Osalm, Japan, and has been in eontinums
upe ginee that time. The real-time perfarmance is satiefactary. The syatem I8 able to handle the
real-time meanitoring and disgneetic fundime with the madel eompledty deseribed before. In a
simuletinn wherein all the alarme in the eo-generatar plant's models were turned on 2t the @ame
time, the system required U] eeconds to begin diagnoeis at the roat of the madel and complete i
at the battom.

Thera wera twn impartant obesrvatinne worth mentirming:

1. The graphical model building shauld be upparted by eophisticated tanls, atherwise graphical
editing might be & wery lbarous activity

2. Craphical interartinn tonls are nesded for the operatar for interacting and eomtralling the
process. The aperatar shruld be able ta0 pape “WILAT-TF™-type of questinne to the syatem,
and foareges the popible efferts of operatar ackinma.

A newer weralrm of the syetem has been built which exhibits thess noeer fantires.

EVALUATION

It in mtermting tn nate hawr IPCS eompares againat tn the requirements for a. real-time AT system
a8 epedfied in [7].

* Efficient integration of numeric—symbalic processing. It is naturally adlved in TPCS:
the MO A penmlmely integrates the twn envirmments.

#» Continuoue aperation. IPOS monitom 3] eontinnme ejgnals, withant any problems with
garbage collectimm, becanes the run-time maodules are written .

* Focus-of-attention mechanism. The disgnastics syatem interprets the alarms in the em-
text of the hierarchical process madel and it does a refinement on the diagnoetics resunlts a8
it proceads down the tres.,
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# Interrupt lmndling facility. All the alarm signals which activate the dagnmetie; algarithme
are agynchranans. When a new alarm arrives the diagnnsetics procedure is restarted.

# Optimal emvironment utibzation. MCA provides facilities far this: the computatiomal
grephs may hase priorities assigned to them which can be changed dynamically.

#» Predictability. The diagnneties algnrithma da neat allheats memnry dynamically, henes thons
is nn need for garbage enllectinn. The algarithme are alan of palynomial eomplexity: reapanee
times are brunded and predictable

» Temporal ressoning facility. The diagnnstics algorithm tahes the fanlt propagation delay
informatinn present in the fanlt propagation grapha, tlme it employe temporal ressoning.

» Truth maintenance facility. The diagnnetics procedure is triggerad wheneser 5 new gek af
alarme arrives and it starts a diagnoetic ressoning for that part of the model which is relabed
to the new alrm. This meane that aseertinne are dynamically ereated and retracted based
an the actual alarm sst mfarmatinn and process etabs Informatiom.

CURRENT STATUS AND FUTURE PLANS

Currently, this erperiments] prototype I8 being heta—teated in many process plants, o the 118,
28 well 28 in Japan and Europe. The plents are fraom the chemical and enengy industries. Initial
reqults mdicate the femsibility of the maodel-based appropch in these envirmnments.

Future plans with the syetem includa:

» Re-implemeniddion in (C++. Thi is required for efficiency and maintainabiity resanns.

» Improvements in fhe raphicad model fgifder. A very erucial eomponent, the graphical modal
builder, espentially determines the ussbility of the system. There are pereral iImprovements
planned.

» Mneregse in efficiency. Gurrently, moetly becanse of the Lisp implementatirm, the models tend
to be larnge and the madel interpretatinn process can take & lmg tme With a more efficient,
(:4-baped Implementatinn we expart this dtuatiom be Improved.

» (Wieri-orienfed dafabase for model sforage. As the complexity of models ineresses so does
the neod for 3. mechanism for efficient mndel representatinn and storage. An object-orienbed
databape seems a8 & suitable aolution for this problem, and we pln to nearporate such &
compement in the svetem.
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#* Simudafon faribfy. In many practical situatinne, it is required to hasre an an-lne smulatirm
madel af the plant, where the operatnm mn perform “experiments™ on the dynamic madel
of the plant, before artually mtroducdng changes in the real system. The models will be
extended tn inearparate syetems aof nnlinesr algebraic squatinone and differential equatiome
which can beused for synthesieing a.eimulatim syatem thrugh a ende-generatinn proceas. An
experimental prototype has been implemented and suecessfully tested ak one of the betartest

mtos.

At the time of this writing a.syatem with the abome feature is heing deigned and implemented.

CONCLUSIONS

This paper described & model bassed approach m the design and implementatinn af an intelligent
repl-time manitaring and diagnostice eyetem for eo-generatare. The propoeed approach s based
an the applcation af the MOA architecture which enombnes madeling, madel interpretatinn and
execution into & unified frameworlk Ibxperiences obtained during the dewelopment and the field
tegt of the IS syatem hase proved that the approach is visble eren in resl-time applicatirme, and
regults m dramatic improvement - eaftware technolngy as well
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