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Abstract

Most (if notall) availablecontroltheoriesassumehatacontrolstructureis givenatthe outset. They therefore
fail to answersomebasic questionsthat a control engineerregularly meetsin practice (Foss 1973): “Which
variablesshouldbe controlled, which variablesshouldbe measuredyhich inputs shouldbe manipulated and
whichlinks shouldbe madebetweerthem?” Thesearethe questionghatplantwidecontroltriesto answer

Therearetwo mainapproacheto the problem,a mathematicallyorientedapproachcontrolstructuredesign)
anda procesorientedapproachBoth approachearereviewedin the paper Emphasiss put on the selectionof
controlledvariableq“outputs”), andit is shavn thattheideaof “self-optimizing control” providesalink between
steady-stateptimizationandcontrol.

We alsoprovide somedefinitionsof termsusedwithin theareaof plantwidecontrol.

*Presentlyat ABB CorporateReasarchiNorway

t Author to whom correspondencghouldbe addressede-mail: skoge@chembio.ntnu.nphone:+47-7359-4154fax: +47-
7359-4080



1 Intr oduction

A chemicalplantmay have thousand®f measurementandcontrolloops. By the term plantwidecon-
trol it is not meantthe tuning andbehaior of eachof theseloops,but ratherthe control philosophyof
the overall plantwith emphasin the structural decisions The structuraldecisionincludethe selec-
tion/placemendf manipulatorsand measurementaswell asthe decompositiorof the overall problem
into smallersubproblemgthe controlconfiguration).

In practice, the control systemis usually divided into several layers. Typically, layersinclude
schedulingweeks) site-wideoptimization(day),local optimization(hour),supervisory/predtose con-
trol (minutes)andregulatorycontrol (seconds)seeFigure 1. The optimizationlayertypically recom-
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Figurel: Typical controlhierarchyin achemicalplant.

putesnew setpointsonly oncean hour or so, whereashe feedbacklayer operatesontinuously The
layersarelinked by the controlledvariables wherebythe setpointss computedoy the upperlayerand
implementedy thelower layer An importantissueis the selectionof thesevariables.

Of coursewe couldimagineusinga singleoptimizing controllerwhich stabilizesthe processwhile
atthesametime perfectlycoordinatesll themanipulatedrariablesbasedn dynamicon-line optimiza-
tion. Therearefundamentateasonsvhy suchasolutionis notthebest,evenwith todaysandtomorravs
computingpower. Onefundamentateasonis the costof modeling,andthe factthatfeedbackcontrol,
without much needfor models,is very effective when performedlocally. In fact, by cascadingeed-
backloops,it is possibleto controllarge plantswith thousand®f variableswithout the needto develop
ary models.However, thetraditionalsingle-loopcontrol systemscansometimederathercomplicated,
especiallyif the cascadesreheaily nestedor if the presencef constraintduring operationmale it
necessaryo uselogic switches. Thus, modelbasedcontrol shouldbe usedwhenthe modelingeffort
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givesenoughpay-backin termsof simplicity and/orimproved performanceandthis will usuallybe at
the higherlayersin thecontrolhierarchy

A veryimportant(if notthemostimportant)problemin plantwidecontrolis theissueof determining
thecontiol structue:

o Which“boxes” shouldwe have andwhatinformationshouldbe sendbetweerthem?

Notethatthatwe areherenotinterestedn whatshouldbeinsidetheboxes(whichis thecontrollerdesign
or tuning problem). More precisely control structure designis definedas the structural decisions
involvedin controlsystendesignjncludingthefollowing tasks((Foss1973);(Morari 1982);(Skogestad
andPostlethvaite 1996))

1. Selectiorof contwolled variablesc (“outputs”; variableswith setpoints)
2. Selectiorof manipulatedvariablesm (“inputs”)

3. Selectiorof measuements (for controlpurposesncluding stabilization)
4

. Selectionof contol configuration (a structureinterconnectingneasurements/setpoirdad ma-
nipulatedvariablesj.e. the structureof the controller K which interconnectshe variablesc; and
v (controllerinputs)with thevariablesm)

5. Selectiorof contwoller type(controllaw specificationg.g.,PID, decouplerLQG, etc.).

In mostcaseghe control structuredesignis solved by a mixture of atop-davn consideratiorof control
objectvesandwhich degreesof freedomareavailableto meetthesgtasksl and2), andawith abottom-
up designof the control system startingwith the stabilizationof the procesgtasks3,4 and>5).

In mostcasesheproblemis solvedwithoutthe useof existingtheoreticatools. In fact,theindustrial
approaclto plantwidecontrolis still very muchalongthelinesdescribedoy PageBuckley in his book
from 1964. Of course,the control field hasmademary adwancesover theseyears,for example,in
methodsfor andapplicationsof on-line optimizationand predictive control. Advanceshave alsobeen
madein controltheoryandin theformulationof toolsfor analyzingthe controllability of a plant. These
lattertoolscanbe mosthelpfulin screeninglternatve controlstructuresHowever, asystematienethod
for generatingrromisingalternatve structuresasbeenlacking. Thisis relatedto thefactthatplantwide
controlproblemitself hasnot beenwell understoowr evenacknavledgedasimportant.

Thecontrolstructuredesignproblemis difficult to definemathematicallybothbecausef thesizeof
the problem,andthelarge costinvolved in makinga preciseproblemdefinition, which would include,
for example,a detaileddynamicand steadystatemodel. An alternatve to this is to develop heuristic
rulesbasedon experienceand processunderstanding.This is whatwill be referredto asthe process
oriented approach

Therealizationthatthefield of control structuredesignis underdgelopedis not new. In the 19705
several “critique” articleswherewritten on the gapbetweentheoryandpracticein the areaof process
control. The mostfamousis the one of Foss(1973) who madethe obsenration thatin mary areas
applicationwasaheadof theory andhe statedthat

The centralissueto be resolhed by the new theoriesare the determinationof the control
systemstructure Which variablesshouldbe measuredwhich inputsshouldbe manipulated
andwhichlinks shouldbemadebetweerthetwo sets. ... Thegapis presenindeed but
contraryto theviews of mary, it is thetheoreticianwho mustcloseit.

A similar obsenrationthatapplicationsseemto be aheadf formal theorywasmadeby Findeiseretal.
(1980)in theirbook on hierarchicakystemgp. 10).

Many authorgpointoutthatthe needfor a plantwideperspectie on controlis mainly dueto changes
in the way plantsare designed- with more heatintegration and regycle andlessinventory Indeed,
thesefactorsleadto moreinteractionsandthereforethe needfor a perspectie beyondindividual units.
However, we would lik e to pointoutthatevenwithout ary integrationthereis still aneedfor aplantwide
perspectie asa chemicalplant consistf a string of units connectedn seriesandoneunit will actas
adisturbanceo the next, for example,all unitsmusthave the samethroughpuiat steady-state.
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Outline

Wewill first discussn moredetailsomeof thetermsusedabore andprovide somedefinitions.We then

presentareview of someof the work on plantwidecontrol. In section4 we discusghe mathematically
orientedapproachcontrolstructuredesign).Then,in sections we look atthe proces®orientedapproach.
In section6 we considera fairly simple plant consistingof reactoy separatoandregycle. In section
7 we considerthe most studiedplantwide control problem, namelythe Tennesse&astmanproblem

introducedby DownsandVogel(1993),andwe discusshow variousauthorshave attemptedo solve the

problem.Finally, in section8 we proposeanew plantwidecontroldesignprocedure.

2 Termsand definitions

We heremake somecommentsn the termsintroducedabore, andalsoattemptto provide somemore
precisedefinitions,of thesetermsandsomeadditionalones.

Let usfirst considerthe termsplant and process which in the control communityare almostsyn-
onymousterms. The term plantis somavhat more generalthan process:A processusually refersto
the “processitself’ (without ary control system)whereasa plant may be any systemnto be controlled
(including a partially controlledprocess).However, notethatin the chemicalengineeringcommunity
the termplanthasa someavhat differentmeaningnamelyasthe whole factorywhich consistsof mary
processunits; theterm plantwidecontrolis derived from this meaningof theword plant.

Let us then discussthe two closely relatedtermslayer and level which are usedin hierarchical
control. Following the literature,e.g. Findeisenet al. (1980),the correcttermin our context is layer.
In alayerthe partsact at differenttime scalesand eachlayer hassomefeedbackor informationfrom
the processandfollows setpointggivenfrom layersabove. A lower layermay not know the criterion of
optimality by which the setpointhasbeenset. A multi-layer systemcannotbe strictly optimal because
the actionsof the higherlayersare discreteand thus unableto follow strictly the optimal continuous
time pattern. (On the otherhand,in a multilevel systemthereis no time scaleseparatiorandthe parts
arecoordinatedsuchthatthereare no performancdoss. Multilevel decompositiormay be usedin the
optimizationalgorithmbut otherwises of nointeresthere.)

Contmol is theadjustmenbf availabledegreesof freedom(manipulatedrariables)o assisin achie/-
ing acceptabl@perationof the plant. Controlsystemdesignmay bedividedinto threemainactiities

1. Controlstructuredesign(structuraldecisionsthetopic of this paper)
2. Controllerdesign(parametrialecisions)
3. Implementation

The term contol structue design which is commonlyusedin the control community refersto
the structuraldecisionsin the designof the control system.It is definedby the five tasksgivenin the
introduction).Theresultfrom the control structue designis the contol structue (alternatvely denoted
the control strategy or contol philosophyof the plant).

The term plantwide contol is usedonly in the processcontrol community One could regard
plantwide contmol asthe “processcontrol” versionof control structuredesign,but this is probablya
bit too limiting. In fact, Rinardand Downs (1992)referto the control structuredesignproblemasde-
finedabove asthe“strict definition of plantwidecontrol”, andthey point out thatplantwidecontrolalso
includeimportantissuessuchasthe operatorinteraction startup,grade-changeshut-davn, fault detec-
tion, performancemonitoringanddesignof safetyandinterlock systems.This is alsoin line with the
discussiorby Stephanopoulogl982).

Maybea betterdistinctionis the following: Plantwidecontol refersto the structuralandstrategic
decisionsinvolved in the control systemdesignof a completechemicalplant (factory), and contiol
structuee designis the systematidmathematicalppproactfor solvingthis problem.



Thecontol configuation, is definedasthe restrictionsimposedby the overall controller K by de-
composingt into asetof local controllers(sub-controllers)units,elementsblocks)with predetermined
links andpossiblywith a predeterminedesignsequencavheresub-controlleraredesignedocally.

Opemtioninvolvesthebehaior of thesystenonceit hasbeenbuild, andthisincludesalot morethan
control. More precisely the control systemis designedo aid the operationof the plant. Opefbility is
the ability of the plant(togethemwith its controlsystem)to achiere acceptabl®peration(bothstatically
anddynamically).Operabilityincludesflexibility, switchabilityandcontrollability aswell asmary other
issues.

Flexibility refersto the ability to obtainfeasiblesteady-stat@perationat a given setof operating
points. This is a steady-statéssue,andwe will assumeit to be satisfiedat the operatingpoints we
consider It is notconsideredry furtherin this paper

Switdability refersto the ability to go from oneoperatingpointto anothelin anacceptablenanner
usuallywith emphasi®n feasibility. It is notconsidereaxplicitly in this paper

Optimalopemtion usuallyrefersto the nominallyoptimalway of operatinga plantasit would result
by applying steady-statend/ordynamicoptimizationto a model of the plant (with no uncertainty),
attemptingto minimize the costindex J by adjustingthe degreesof freedom. We have hereassumed
that the “quality (goodnesspf operation”can be quantifiedin termsof a scalarperformancendex
(objectve function) J, which shouldbe minimized. For example,.J canbethe operatingcosts.

In practice we cannotobtainoptimaloperatiordueto uncertainty Thedifferencebetweertheactual
valueof the objective function J andits nominally optimalvalueis theloss

The two main sourcesof uncertaintyare (1) signal uncertainty(includesdisturbanced andmea-
suremennoisen) and(2) modeluncertainty

Rohustmeandnsensitve to uncertainty Rohustoptimal opemation is the optimal way of operatinga
plant(with uncertaintyconsiderationgncluded).

Integrated optimizationand contol (or optimizing control) refersto a systemwhereoptimization
andits controlimplementatiorareintegrated. In theory it shouldbe possibleto obtainrobust optimal
operationwith sucha system.In practice,oneoften usesan hierarchical decompositiomwith separate
layersfor optimizationand control. In making this split we assumethat for the control systemthe
goal of “acceptableoperation”has beentranslatedinto “keepingthe controlled variables(c) within
specifiedooundsrom theirsetpointgc;)”. Theoptimizationlayersendssetpointvalues(c;) for selected
controlledvariables(c to the controllayer The setpointsareupdatedonly periodically (Thetasks,or
partsof the tasks,in eitherof theselayersmay be performedby humans.) The control layer may be
furtherdivided, e.g.into supervisorycontrolandregulatorycontrol. In generaljn ahierarchicakystem,
thelower layerswork on ashortertime scale.

In additionto keepingthe controlledvariablesat their setpointsthe control systemmust“stabilize”
the plant. We have hereput stabilizein quotesbecauseave usethe word in an extendedmeaning,and
include both modeswhich aremathematicallyunstableaswell asslov modes(“drift”) thatneedto be
“stabilized”from anoperatompointof view. Usually stabilizationis donewithin aseparaté¢lower) layer
of thecontrolsystempftencalledtheregulatorycontrollayer. The controlledvariablesfor stabilization
are measuredutput variables,and their setpointsmay be usedas degreesof freedomfor the layers
above.

For eachlayerin a control systemwe usethe termscontmwolled output(y with setpointys) andma-
nipulatedinput (u). Correspondinglytheterm“plant” refersto the systemto be controlled(with ma-
nipulatedvariablesu andcontrolledvariablesy). The layersare often structuredhierarchically such
thatthe manipulatednput for a higherlayer (u1) is the setpointfor a lower layer (y25), i.€. y2s = u;1.
(Thesecontrolledvariablesneedin generalnot be measuredrariables,andthey may include someof
themanipulatedsariables(u).)

Fromthis we seethattheterms“plant”, “controlledoutput” (y) and“manipulatednput” (u) takeson
differentmeaningdependingon wherewe arein the hierarchy To avoid confusion,we resere special
symbolsfor the variablesat the top andbottomof the hierarchy Thus,asalreadymentionedtheterm
processis often usedto denotethe uncontrolledplant as seenfrom the bottomof the hierarchy Here



the manipulatedvariablesarethe physicalmanipulatorqe.g. valve positions),andaredenotedm, i.e.
u = m in the bottom*“regulatory” control layer Correspondinglyat the top of the hierarchy we use
the symbolc to denotethe controlledvariablesfor which the setpointvalues(cs) aredeterminedy the
optimizationlayer, i.e. y = c in thetop “supervisory”controllayer

(Input-Output)Contmollability of aplantis theability to achieve acceptableontrolperformancethat
is, to keepthe controlledvariables(y) within specifiedooundsfrom their setpointgr), in spiteof signal
uncertainty(disturbancesl, noisen) and model uncertainty using available inputs (u) and available
measurementsln otherwords, the plantis controllableif thereexists a controllerwhich satisfiesthe
controlobjectves.

This definition of controllability may be appliedto the control systemasa whole, or to partsof it
(in the casethe controllayeris structured).The term controllability generallyassumeshatwe usethe
bestpossiblemultivariablecontroller but we mayimposerestrictionsonthe classof allowedcontrollers
(e.g.consider‘controllability with decentralizedPI control”).

A plantis self-regulating if we with constaninputscankeepthe controlledvariableswithin accept-
able bounds. (Note that this definition may be appliedto ary layerin the control system sothe plant
may be a partially controlledprocess).“True” self-regulationis definedasthe casewhereno controlis
ever neededat the lowestlayer (i.e. m is constant).lt relieson the procesgo damperthedisturbances
itself, e.g. by having large buffer tanks. We rarely have “true” self-regulation becauset may be very
costly

Self-optimizingcontol is whenan acceptabldoss canbe achiezed using constantsetpointsfor the
controlledvariablegwithoutthe needto reoptimizewhendisturbancesccur).“True” self-optimization
is definedasthe casewhereno re-optimizationis ever needed(so ¢, can be kept constantalways),
but this objectie is usuallynot satisfied.On the otherhand,we mustrequirethatthe processs “self-
optimizable”within thetime periodbetweereachre-optimizationpr elsewe cannotuseseparateontrol
andoptimizationlayers.

A processis self-optimizableif thereexists a setof controlledvariables(c) suchthatif we with
keepconstansetpointgor the optimizedvariables(c;), thenwe cankeepthelosswithin anacceptable
boundwithin a specifiedtime period. A steady-statanalysisis usuallysuficientto analyzeif we have
self-optimality Thisis basedn theassumptiorthatthe closed-loogtime constanof the controlsystem
is smallerthanthetime periodbetweereachre-optimization(sothatit settlesto a new steady-stateand
thatthevalueof the objective function (J) is mostly determinedy the steady-statbehaior (i.e. there
is no “costly” dynamicbehaior e.g.imposedoy poorcontrol).

3 Generalreviewsand bookson plantwide control

We herepresents brief review of someof the previousreviews andbookson plantwidecontrol.

Morari (1982)presentec@well-written review on plantwidecontrol,wherehediscussegshy modern
control techniqueswvere not (at that time) in widespreadusein the processndustry The four main
reasonsverebelievedto be

1. Largescalesystemaspects.
2. Sensitvity (robustness).
3. Fundamentdimitationsto controlquality.
4. Education.
He thenconsideredwo waysto decomposéhe problem:

1. Multi-layer (vertical),wherethe differencebetweerthelayersarein thefrequeng of adjustment
of theinput.

2. Horizontaldecompositionwherethe systemis dividedinto noninteractingarts.



Stephanopoulo€l982) statedthat the synthesisof a control systemfor a chemicalplantis still to
alarge extentan art. He asled: “Which variablesshouldbe measuredn orderto monitor completely
the operationof a plant? Which input shouldbe manipulatedor effective control? How shouldmea-
surementde pairedwith the manipulationgo form the control structure andfinally, whatthe control
laws are?” He notedthatthe problemof plantwidecontrolis “multi-objective” and*“thereis a needfor
a systematicand organizedapproachwhich will identify all necessargontrol objectves”. Thearticle
is comprehensk, anddiscussesnary of the problemsin the synthesiof control systemdor chemical
plants.

Rinardand Downs (1992)review muchof the relevant work in the areaof plantwidecontrol, and
they alsoreferto importantpaperghatwe have notreferencedThey concludethereview by statingthat
“the problemprobablyneverwill besolvedin thesenseahata setof algorithmswill leadto thecomplete
designof a plantwidecontrol system”. They suggesthat morework shouldbe doneon the following
items: (1) A way of answeringvhetheror notthe controlsystemwill meetall the objectives,(2) Sensor
selectionandlocation(wherethey indicatethattheoryon partial control may be useful),(3) Processes
with regycle. They alsowelcomecomputeraidedtools, bettereducatiorandgoodnew testproblems.

Thebookby BalchenandMummeé (1988)attemptgo combineprocessandcontrolknowvledge,and
to usethis to designcontrol systemsfor somecommonunit operationsand also considerplantwide
control. The book provides mary practicalexamples,but thereis little in termsof analysistools or a
systematidramework for plantwidecontrol.

The book “Integratedprocesscontrol and automation”by Rijnsdorp(1991), containsseveral sub-
jectsthatarerelevanthere. Part 1l in the bookis on optimal operation.He distinguisheetweentwo
situations sellersmarked (maximizeproduction)andbuyersmarked (producea givenamountat lowest
possiblecost).He alsohasa procedurdor designof a optimizing controlsystem.

vandeWal anddeJage(1995)list severalcriteriafor evaluationof controlstructuredesignmethods:
generalityapplicableto nonlinearcontrolsystemscontrollerindepeneén, direct,quantitatve, efficient,
effective, simpleandtheoreticallywell developed. After reviewing they concludethat sucha method
doesnot exist.

The book by Skogestadand Postlethvaite (1996) hastwo chapterson controllability analysis,and
onechapteron control structuredesign(Chapterl0) wherethey discusgopicsrelatedto partialcontrol
andself-optimizingcontrol (althoughthey did notusethatterm).

Theplannedmonograptby Ng andStephanopoulo& 998) dealsalmostexclusively with plantwide
control.

The book by Luybenet al. (1998) hascollectedmuchof Luybenspracticalideasand summarized
themin a clearmanner The emphasiss on casestudies.

Therealsoexistsalargebodyof system-theoretititeraturewithin thefield of large scalesystemsbut
mostof it haslittle relevanceto plantwidecontrol. Oneimportantexceptionis the bookby Findeiseret
al. (1980)on“Control andcoordinationin hierarchicakystems'which probablydeseresto be studied
morecarefullyby the procesontrolcommunity

4 Control Structur e Design(The mathematically oriented ap-
proach)

In this sectionwe look atthe mathematicallyorientedapproactto plantwidecontrol.

Structural methods

Thereare somemethodsthat usestructuralinformationaboutthe plantasa basisfor control structure
design.Forarecentreview of thesemethodavereferto theplannednonograpiof Ng andStephanopou-
los (199&). Centralconceptsarestructuralstatecontrollability, obserability andaccessibility Based



on this, setsof inputs and measurementare classifiedas viable or non-viable. Although the struc-
tural methodsareinteresting they arenot quantitatve andusuallyprovide little informationotherthan
confirminginsightsaboutthe structureof the procesgshatmostengineerslreadyhave.

In thereminderof this sectionwe discusghefive tasksof the controlstructuredesignproblem listed
in theintroduction.

4.1 Selectionof controlled variables (c)

By “controlledvariables”we herereferto the controlledvariablesc for whichthe setpoints:; aredeter
minedby the optimizationlayer Therewill alsobe other(internally) controlledvariableswhich result
from the decompositiorof the controllerinto blocksor layers(including controlledmeasurementssed
for stabilization),but thesearerelatedto the control configurationselectionwhich is discussedspart
of task4.

Theissueof selectionof controlledvariablesjs probablythe leaststudiedof thetasksin thecontrol
structuredesignproblem. In fact, it seemsrom our experiencethat mostpeopledo not considerit as
animportantissue. Therefore the decisionhasmostly beenbasedon engineeringnsight and experi-
enceandthevalidity of the selectionof controlledvariableshasseldombeenquestionedy the control
theoretician.

To seethatthe selectionof outputis anissue,askthe question:

Whyare we contolling hundedsof tempeatures, pressuesandcompositionsn a chemical
plant, whenthere is no specificatioron mostof thesevariables?

After somethought,onerealizeghatthe mainreasorfor controllingall thesevariabless thatoneneeds
to specifytheavailabledegreesof freedomin orderto keeptheplantcloseto its optimaloperatingpoint.
But thereis afollow-up question:

Whydo we selecta particular setc of contolled variables?(e.g., why specify(contol) the
top compositionin a distillation column,which doesnot producefinal productsratherthan
just specifyingts reflux?)

Theanswetto this secondjuestionis lessobvious, becausatfirst it seemdike it doesnotreally matter
which variableswe specify (aslong as all degreesof freedomare consumedpecausdhe remaining
variablesarethenuniquelydetermined) However, this is true only whenthereis no uncertaintycaused
by disturbancesndnoise(signaluncertainty)or modeluncertainty Whenthereis uncertaintythenit
doesmale a differencehow the solutionis implementedthatis, which variableswe selectto controlat
their setpoints.

(Maarleveld andRijnsdrop1970)),Morari etal. (1980),SkogestacandPostlethvaite (1996)(Chap-
ter 10.3),Skogestad2000)andZhengetal. (1999)proposeo basethe selectionof controlledvariables
basedon consideringthe overall operationalobjective. The overall objectve may be formulatedasa
scalarcostfunction J which shouldbe minimizedsubjectto setof operationatonstraints(Maarleveld
andRijnsdrop1970))foundthatin mary casesll thedegreesof freedomareusedto satisfyconstraints,
andthe controlledvariablesshouldthensimply be selectedasthe active constraints.For example,if it
is optimalto keepthereactortemperaturet its upperlimit, thenthis shouldbe selectecasa controlled
variable.

The moredifficult caseis if we have unconstraineadiegreesof freedom,for example,the optimal
heatinputwhenwe bale acale.

The basicideaof whatwe herecall self-optimizingcontol wasformulatedabouttwenty yearsago
by Morari etal. (1980):

“in attemptingto synthesizea feedbackoptimizing control structure ,our main objective is
to translatehe economibjectivesinto processontrolobjectves. In otherwords,wewant
to find a functionc of the processvariableswhich whenheld constantleadsautomatically
to the optimal adjustment®f the manipulatedvariables,and with it, the optimal opemating



conditions. [...] This meanghatby keepingthefunctionc(u, d) atthe setpointc, through
the useof the manipulatedvariablesu, for variousdisturbanced, it follows uniquelythat
the processs operatingat the optimal steady-staté.

If wereplacetheterm“optimal adjustmentsby “acceptabledjustmentgin termsof theloss)”thenthe
above is a precisedescriptionof what Skogestad2000)denotea self-optimizingcontrol structure.The
only factorMorari etal. (1980)fail to considetlis theeffect of theimplementatiorerrorc — ¢s. Morari et
al. (1980)proposeto selectthe bestsetof controlledvariablesbasedon minimizing theloss(“feedback
optimizing controlcriterion1”). Therelationshipto thework of Shinnars discussedgeparatelyater

Someavhatsurprisingly theideasof Morari etal. (1980)recevedverylittle attention atleastduring
thefirst 20 yearsaftertheir publication.Onereasoris probablythatthe paperalsodealtwith theissueof
finding the optimal operation(andnot only on how to implementit), andanothereasons thatthe only
examplein thepaperhappenedo resultin a optimalsolutionwhereall degreesof freedomwereusedto
satisfyconstraints.The follow-up paperby Arkun and Stephanopoulogl980) concentratedurther on
the constrainedaseandtrackingof active constraints.

Skogestadand Postlethvaite (1996) (Chapter10.3) presentsan approachfor selectingcontrolled
outputsimilarto thoseof Morari etal. (1980)andtheideaswherefurtherdevelopedin (Skogestad2000)
wherethe term self-optimizingcontrol is introduced. Skogestad2000) stresseshe needto consider
the implementationerror when evaluatingthe loss. Skogestad(2000) givesfour requirementghat a
controlledvariableshouldmeet: 1) Its optimalvalueshouldbeinsensitve to disturbances2) It should
beeasyto measurandcontrolaccurately3) Its valueshouldbe sensitve to changesn themanipulated
variables 4) For casesvith two or morecontrolledvariablestheselectedrariablesshouldnotbeclosely
correlated By scalingof thevariablesproperly SkogestacandPostlethvaite (1996)shavs thatthe self-
optimizing control structureis relatedto maximizingthe minimum singularvalueof the gainmatrix G,
whereAc = Au. Zhengetal. (1999)alsousethe ideasof Morari etal. (1980)asa basisfor selecting
controlledvariables.

In hisbookRijnsdorp(1991)giveson page99 a stepwisedesignprocedurdor designingoptimizing
controlsystemdor processinits. Onestepis to “transfertheresultinto on-linealgorithmsfor adjusting
the degreesof freedomfor optimization”. He stateshatthis “requiresgoodprocessnsightandcontrol
structureknow-how. It is worthwhile basingthe algorithmasfar aspossibleon processmeasurements.
In ary caseijt is impossibleto give a clearcut recipehere’

Fisheret al. (1988)discussplanteconomicsn relationto control. They provide someinteresting
heuristicideas. In particular hiddenin their HDA examplein part3 (p. 614)onefindsaninteresting
discussioron the selectionof controlledvariables which is quite closelyrelatedto the ideasof Morari
etal. (1980).

Luyben(1988)introducedheterm*“eigenstructure’to describetheinherentlybestcontrolstructure
(with the bestself-reggulatingandself-optimizingproperty). However, he did notreally definetheterm,
andalsothe nameis unfortunatesince“eigenstructure’hasa anothermunrelatedmathematicameaning
in termsof eigemwvalues. Apart from this, Luybenandcoworkers(e.g. Luyben(1975),Yi andLuyben
(1995)) have studiedunconstrainegroblems,and someof their ideasare relatedto self-optimizing
control. However, Luyben proposedo selectcontrolled variableswhich minimizesthe steady-state
sensitve of the manipulatedsariable(u) to disturbances,e. to selectcontrolledvariables(c) suchthat
(Ou/dd). is small,wherea®neshouldreally minimizethe steady-statsensitvity of theeconomidoss
(L) to disturbances, e. to selectcontrolledvariableg(c) suchthat(0L/dd). is small.

Narravay et al. (1991), Narravay and Perkins(1993) and Narravay and Perkins(1994)) strongly
stressthe needto basethe selectionof the control structureon economicsandthey discussthe effect
of disturbancesn theeconomicsHowever, they do notformulateary rulesor proceduresor selecting
controlledvariables.

In astudyof the Tenesse&astmarchallengeproblem,Ricker (1996)notesthatwhenapplyingboth
MPC anddecentralizeanethodspneneeddo make critical decisionswvithout quantitatve justifications.
The foremostof theseis the selectionof the controlledvariables,and he found existing quantititatve
methoddor their selectionto beinadequateRicker (1995) statethatthe controlledvariables‘must be
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carefullychosenarbitraryuseof feedbackcontrolloopsshouldbe avoided”.

Finally, Mizoguchietal. (1995)andMarlin andHrymak (1997)stresshe needto find a goodway
of implementingthe optimal solutionin termshow the control systemshouldrespondo disturbances,
“I.e. thekey constraintdo remainactive, variableso be maximizedor minimized,priority for adjusting
manipulatedsariablesandsoforth” They suggesthatanissuefor improvementin todaysreal-timeop-
timizationsystemss to selectthecontrolsystenthatyieldsthe highestprofit for arangeof disturbances
thatoccurbetweereachexecutionof the optimization.

Therehasalsobeendonesomework on non-squarelants,i.e. with moreoutputsthaninputs,e.g.
(Cao1995)and (Changand Yu 1990). Theseworks assumethat the control goal is the keepall the
outputvariablesat given setpoints,and often the effect of disturbancess not considered.It may be
more suitableto definethe costfunction J for the operationand reformulatetheseproblemsinto the
framework of self-optimizingcontrol.

4.2 Selectionof manipulated variables (m)

By manipulatedvariableswe referto the physicaldegreesof freedom,typically the valve positionsor
electricpower inputs. Actually, selectionof thesevariablesis usuallynot muchof anissueat the stage
of control structuredesign,sincethesevariablesusuallyfollow asdirect consequencef the designof
the processtself.

However, theremaybe somepossibility of addingvalvesor moving them.For example,if weinstall
abypasgipelineandavalve, thenwe mayusethe bypasdlow asanextra degreeof freedomfor control
purposes.

Finally, let usmale it clearthatthe possibility of not actively usingsomemanipulatedrariables(or
only changingthemrarely),is a decisionthatis includedabove in “selectionof controlledvariables”.

4.3 Selectionof measurements(v)

Controllability considerationsincluding dynamicbehaior, areimportantwhen selectingwhich vari-
ablesto measureThereareoftenmary possiblemeasurementse canmake, andthe numbey location
andaccurag of the measuremerns atradeof betweencostof measurementandbenefitsof improved
control. A controllability analysisnaybevery useful.In mostcasegheselectiorof measurementsiust
be consideregimultaneouslywith the selectionof the control configuration.For example,this applies
to theissueof stabilizationandthe useof secondaryneasurements.

4.4 Selectionof control configuration

Theissueof control configurationselectionjncludingmultiloop (decentralizedontrol,is discussedn
Hovd andSkogestad1993)andin sectionsl0.6,10.7and10.8of SkogestachndPostlethvaite (1996),
andwe will herediscussmnainly issueswvhich arenot coveredthere.

The control configurationis the structureof the controller K thatinterconnectshe measurements,
setpointsc, and manipulatedvariablesm. The controllercanbe structured(decomposedinto blocks
bothin anvertical (hierarchicallandhorizontal(decentralizedontrol) manner

Why, insteadof finding the truly optimal centralizedcontroller is the controllerdecomposed?1)
Thefirst reasonis thatit may requirelesscomputation.This reasornmay be relevantin somedecision
makingsystemswvherethereis limited capacityfor transmittingandhandlinginformation(like in most
systemswvherehumansareinvolved), but it doesnot hold in todayschemicalplantwhereinformation
is centralizedandcomputingpower is abundant. Two otherreason®ftengivenare(2) failuretolerance
and(3) theability of local unitsto actquickly to rejectdisturbancege.g. Findeiseretal., 1980). These
reasonsnaybemorerelevant,but, aspointedoutby SkogestadindHovd (1995)thereareprobablyother
even morefundamentateasons.The mostimportantoneis probably(4) to reducethe costinvolvedin
definingthecontrolproblemandsettingup thedetaileddynamicmodelwhichis requiredin acentralized
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systemwith no predeterminedinks. Also, (5) decomposedontrol systemsare muchlesssensitve to
modeluncertainty(sincethey oftenuseno explicit model).In otherwords,by imposinga certaincontrol
configurationwe areimplicitly providing processnformation,which we with a centralizedcontroller
would needto supplyexplicitly throughthe model.

4.4.1 Stabilizing control

Instability requiresthe active useof manipulatedvariables(m) using feedbackcontrol. Thereexist
relatvely few systematidoolsto assistin selectinga control structurefor stabilizingcontrol. Usually
single-loopcontrollersare usedfor stabilization,andissuesarewhich variablesto measureandwhich
manipulatedvariablesto use. Oneproblemin stabilizationis thatmeasurementoisemay causdarge
variationsin the input suchthatit saturates.Havre and Skogestad1996, 1998) have shavn that the
pole vectos may be usedto selectmeasurementand manipulatedvariablessuchthat this problemis
minimized.

4.4.2 Secondarymeasurements

Extra (secondarymeasurementare often addedto improve the control. Threealternatvesfor useof
extrameasurementare:

1. Centralizedcontroller: All the measurementare usedto computethe optimal input. This con-
troller hasimplicitly anestimator{model)hiddeninsideit.

2. Inferential control: Basedon the measurementa modelis usedto provide an estimateof the
primaryoutput(e.g.acontrolledoutputc). This estimatds sendto a separateontroller

3. Cascadeontrol: The secondarymeasurementare controlledlocally andtheir setpointsareused
asdegreesof freedomat somehigherlayerin the hierarchy

Notethatbothcentralizedandinferentialcontrolusesheextrameasurement® estimatgparameters
in amodel,whereadn cascadeontrolthey areusedfor additionalfeedback The subjectof estimation
andmeasurementselectionfor estimationis beyondthe scopeof this review article; we referto Ljung
(1987)for acontrolview andto Martens(1989)for achemometricapproacho thisissue.However, we
would like point out thatthe control systemshouldbe designedor bestpossiblecontrol of the primary
variableg(c), andnotthebestpossibleestimate A dravbackof theinferentialschemas thatestimatdas
usedin feed-forward manner

For cascadecontrol Havre (1998) hasshavn how to selectsecondaryneasurementsuchthatthe
needfor updatingthe setpointsis small. The issueshereare similar to that of selectingcontrolled
variabledc) discusse@bore. Oneapproachs to minimize somenormof thetransferfunctionfrom the
disturbanceand control error in the secondaryariableto the control errorin the primary variable. A
simpler but lessaccuratealternatve is to maximizethe minimumsingularvaluein thetransferfunction
from secondaryneasurement® theinputusedto controlthe secondaryneasurementt.eeandMorari
((LeeandMorari 1991),(Leeetal. 1995)and(Leeetal. 1997))usea morerigorousapproachwhere
modeluncertaintyis explicitly consideredaindthe structuredsingularvalueis usedasatool.

4.4.3 Partial control

Most control configurationsare structuredin a hierarchicalmannerwith fastinnerloops, and slower
outerloopsthat adjustthe setpointsfor the innerloops. Control systemdesigngenerallystartsby de-
signingthe inner (fast)loops,andthenouterloopsareclosedin a sequentiamanner Thus,the design
of an“outer loop” is doneon a partially contolled system.We hereprovide somesimplebut yet very
usefulrelationshipdor partially controlledsystemsWe divide the outputsinto two classes:

e y; — (temporarily)uncontrolledoutput
e yy — (locally) measure@ndcontrolledoutput(in theinnerloop)
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We have insertedthe word tempoarily above, sincey; is normally a controlledoutputat somehigher
layerin the hierarchy We alsosubdvide the availablemanipulatedrariablesin a similar manner:

e u9 —inputsusedfor controllingys (in theinnerloop)
e u; —remaininginputs(which maybe usedfor controllingy;)

A block diagramof the partially controlledsystenmresultingfrom closingtheloop involving u, and
12 With thelocal controller K5 is shavn in Figure?2.

Ga Ga
Uq +i+ Y1
— G111 Gio >
+yt Yo
» Ga1 Gao % >
U +y + N9
2
Yom
Y + Y2
Ky &

Figure2: Block diagramof a partially controlledplant

SkogestadindPostlethvaite (1996)distinguishbetweerthefollowing four casef partial control:

Meas./Control Controlobjectve
of y; ? for yo ?
I Indirectcontrol No No
Il Sequentiatascadeontrol Yes No
i “True” partialcontrol No Yes
IV || Sequentiatiecentralizedontrol Yes Yes

In all caseghereis a control objectve associatedvith y; anda measurementf y,. For example,
for indirectcontrolthereis no separateontrolobjectve ony,, thereasonsve controlys is to indirectly
achieve goodcontrolof y; whicharenotcontrolled. Thefirst two casesreprobablythe mostimportant
asthey arerelatedto vertical (hierarchical)structuring. The latter two cases(whereys hasits own
controlobjectve sothatthe setpointgy,s arenotadjustablejivesa horizontalstructuring.

In ary casethelinearmodelfor the plantcanbewritten

y1 = Gui(s)ur + Gia(s)ug + Gai(s)d 1)
y2 = Ga1(s)u1 + Gaa(s)ug + Gao(s)d (2)

To derive transferfunctionsfor the partially controlledsystemwe simply solve (2) with respecto
uy (assuminghat Gz (s) is squareaninvertible ata givenvalueof s)*

up = Gy () (y2 — Ga1 (s)u1 — Gaa(s)d) (3)
Substituting(3) into (1) thenyields (Havre andSkogestadL996a)

y1 = Py(s)u1 + Py(s)d + Py(s)y2 4)

lTheassumptior'lhatGQ}1 existsfor all valuesof s canberelaxedby replacingtheinversewith the pseudo-inerse.
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whichis themodelwith uy formally replacedoy y, asanindependenvariable,and

Pu(s) déf Gll(s)—G12G2_21021(3) (5)
Py(s) ¥ Gu(s) = GraGgl Gan(s) (6)
Py(s) ¥ G1Gy(s) (7)

Here P, is the partial disturbancegain, P, is the gainfrom y, to y1, and P, is the partial input
gainfrom theunusednputsu, (with y, constant)If we look morecarefullyat (4) thenwe seethatthe
matrix Py givesthe effect of disturbancesn the primaryoutputsy;, whenthe manipulatedrariablesus
areadjustedo keepy, constantwhichis consistenof the original definition of the partial disturbance
gaingiven by SkogestadandWolff (1992). Note that no approximatioraboutperfectcontrol hasbeen
madewhenderving (4). Equation(4) appliesfor ary fixed value of s (on a frequeng-by-frequacy
basis,s = jw).

Theabove equationsaresimpleyet very useful. Relationshipgontainingpartsof theseexpressions
have beendervedby mary authorsge.g.seethework of Manousiouthakigtal. (1986)on block relative
gainsandthework of HaggblomandWaller (1988)on distillation control configurations.

Note that this kind of analysiscanbe performedat eachlayersin the control system. At the top
layerwe may sometimesssumehatthe cost.J is afunctionof thevariablesy; (thisis the approactof
Shinnar(1981)),andwe cantheninterprety, asthe setof controlledvariablesc. If ¢ is never adjusted
thenthisis a specialcaseof indirectcontrol,andif ¢ is adjustedat regularintenals (asis usuallydone)
thenthis maybeviewed asa specialcaseof sequentiatascadeontrol.

5 The ProcesLriented Approach

We herereview proceduresor plantwidecontrolthatarebasedn usingprocessnsight,thatis, methods
thatareuniqueto processontrol.

The first comprehense discussionon plantwide control was given by PageBuckley in his book
“Techniquesf processcontrol” in a chapteron Overall processcontiol (Buckley 1964). The chapter
introduceshemainissuesandpresentsvhatis still in mary waystheindustrialapproacto plantwide
control. In fact, whenreadingthis chapteyr 35 yearslater oneis struckwith the feeling thattherehas
beenrelatiely little developmentin this area. Someof the termswhich areintroducedanddiscussed
in the chapterare material balancecontrol (in direction of flow, andin direction oppositeof flow),
productionratecontrol, buffer tanksaslow-pasdilters, indirectcontrol,andpredictve optimization.He
alsodiscussesegycle andtheneedto purgeimpurities,andhepointsoutthatyou cannotatagivenpoint
in a plantcontrolinventory (level, pressurepndflow independentlysincethey arerelatedthroughthe
materialbalance.ln summary he presentsa numberof usefulengineeringnsights,but thereis really
no overall procedure As pointedout by Ogunnaile (1995)the basicprinciplesappliedby theindustry
doesnotdeviatefarfrom Buckley (1964).

Wolff andSkogestaq1994)review previouswork on plantwidecontrolwith emphasi®ntheprocess-
orienteddecompositiompproachesThey suggesthatplantwidecontrolsystemdesignshouldstartwith
a“top-down” selectionof controlledandmanipulatedzariables andproceedwith a“bottom-up”design
of thecontrolsystem.At theendof the papertenheuristicguidelinesfor plantwidecontrolarelisted.

Thereexistsothermoreor lessheuristicsrulesfor processcontrol; e.g. seeHougenandBrockmeier
(1969)andSebog etal. (1995).

5.1 Degreesof freedomfor control and optimization

A startingpoint for plantwidecontrolis to establishthe numberof degreesof freedomfor operation;
bothdynamically(for control) N,,,, andat steady-statéusallyfor optimization)N,s). Thesearedefined
as
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N,, Degreesof freedomfor control: The numberof variables(temperatureqressuredevelsetc.) that
may be setby the controlsystem.

N,; Degreesof freedomat steadystate:The numberof independentariableswith a steadystateeffect.

Many authorssuggesto usea processnodelto find thedegreesof freedom.Howeverthis approach
will beerrorprone,it is easyto write too mary or too few equations.Fortunately it is in mostcases
relatvely straightforvard to establisithesenumberdrom processnsight.

Ponton(1994)proposesrulefor finding IV, by countingthenumberof streamsandsubtractinghe
numberof “extra” phasegi.e. if therearemorethanonephasepresenin the unit). However, it is easy
to constructsimpleexampleswheretherule fails. For example,considera simpleliquid storagetank (O
extra phasesyvith oneinflow andoneoutflow (2 streams)Accordingto therule,we have N, = 2, but
weknow N, = 1 sinceinflow mustequaloutflow at steadystate.

The degreesof freedomfor control, N,,,, equalthe numberof adjustablevalves plus the number
of otheradjustableelectricaland mechanicalvariables(electricpower, etc.). Accordingto (Skogestad
2000)the numberof degreesat freedomat steady-stateganthenbe found by subtractinghe numberof
variableswith no steadystateeffects, Ny = Ny + Nyo. Here

Npo isthenumberof manipulatedrariablesor combinationghereof,with no steady-stateffect.
Ny isthenumberof manipulatedrariableghatareusedo controlvariableswvith nosteady-stateffect.

The latter usually equalsthe numberof liquid levels with no steady-stateffect, including mostbuffer
tank levels. However, notethat someliquid levels do have a steady-stateffect, suchasthe level in a
non-equilibriumliquid phaseeactor andlevelsassociateavith adjustableheattransferareas Also, we
shouldnotincludein N, ary liquid holdupsthatareleft uncontrolled suchasinternalstageholdupsin
distillation columns.

Thus, Ny is nonzerofor mostchemicalprocesseswhereaswe often have N,,,o = 0. A simple
examplewhereN,,q is non-zerds aheatexchangemwith bypasonbothsides(i.e. N, = 2). However,
at steady-statéV;s = 1 sincethereis really only oneoperationaldegreeof freedom,namelythe heat
transferrateQ (which at steady-statenay be achiezed by mary combinationf the two bypasses)so
wehave Ny, = 1.

The optimizationis generallysubjectto seseral constraints. First, there are generallyupperand
lower limits on all manipulatedvariables(e.g. fully openor closedvalve). In addition,thereare con-
straintson mary dependentariablesdueto safety(e.g. maximumpressurer temperature)equipment
limitations (maximumthroughput) or productspecificationsSomeof theseconstraintwill beactive at
the optimum. The numberof “free” unconstrainedariables‘for steady-stateptimization”, Ny ¢rce, IS
thenequalto

Nss,free = Nss - Nactive

where N.tive 1S the numberof active constraints. Note that the term “left for optimization” may be
someavhat misleading,sincethe decisionto keepsomeconstraintsactive, really follows aspart of the
optimization;thusall N, variablesarereally usedfor optimization.

Remarkon designdegreesof freedom Above we have discusseaperationatiegreesof freedomfor
control andoptimization. The designdegreesof freedom(which is not really a concernof this paper)
include, in additionto someof the N, steady-stat@perationaldegreesof freedom,all parameters
relatedto the size of the equipment,suchasthe numberof stagesin column sections,areaof heat
exchangersetc.

Luyben(1996)claimsthatthe“designdegreesof freedomis equalto the numberof controldegrees
for animportantclassof processe’.Thisis clearlynottrue,asthereis no generakelationshipbetween
the two numbers. For example,considera heatexchangerbetweentwo streams. Thentheremay be
zero,oneor two controldegreesof freedom(dependingon the numberof bypasseskut thereis always
onedesigndegreeof freedom(the heatexchangemarea).
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5.2 Production rate

Identifying the major disturbancess very importantin ary control problem,andfor processcontrol
the productionrate (throughput)is often the main disturbance.In addition, the location of wherethe
productionrateis actuallyset(“throughputmanipulator”),usually determineghe control structurefor
the inventory control of the variousunits (Buckley 1964). For a plant runningat maximumcapacity
the productionrateis setat its bottleneckwhich is usuallyinsidethe plant (e.g. causedy maximum
capacityof a heatexchangeror a compressor). Then, downstreamof this location the plant hasto
processvhatever comesin (givenfeedrate),andupstreanof this locationthe planthasto producethe
desiredguantity(givenproductrate). To avoid ary “long loops”, it is preferablyto usetheinputflow for
inventory control upstreanthe locationwherethe productionrateis set,andto usethe outputflow for
inventorycontroldownstreanthislocation.

Fromthisit follows thatit is critical to know wherein the plantthe productionrateis set.In practice,
the location may vary dependingon operatingconditions. This may require reconfiguringof mary
controlloops,but oftensupervisorycontrolsystemssuchasmodelpredictive control,provide asimpler
andbettersolution.

5.3 The conceptsof partial control and dominat variables

Shinnar(1981)introducedthefollowing setsof variables

e Y}, (the“primary” or “performance”or “economic”variables)is “the setof processariablesthat
definethe productandprocesspecificationgswell asprocesconstraints”

e Y, isthesetof dynamicallymeasuregrocesssariables
e Y., (asubsebdfY}) isthe“setof proceswariableson whichwe baseourdynamiccontrolstratey”
e U, is thedynamicinputvariables

Thegoalis to maintainY;, within prescribedimits andto achie/e this goal“we choosen mostcasesa
smallsetY,; andtry to keeptheseat afixed setof valuesby manipulatingl;” (later, Arbel etal. (1996)
introducedthe term*“partial control” to describehisidea).

Shinnamotesthattheoverall controlalgorithmcannormallybe decomposedto a dynamiccontrol
system(which adjustlU,) anda steady-stateontrolwhich determineshesetpointsof Y,; aswell asthe
valuesof U, (thelatterarethe manipulationavhich canonly be changedslowly), andthatwe “look for
asetY,, Uy thatcontainsvariablesthathave amaximumcompensatingffectonY,”. If onetranslates
the words and notation, then onerealizesthat Shinnars ideaof “partial control” is very closeto the
ideaof “self-optimizing control” presentedn Morari etal. (1980),SkogestacandPostlethvaite (1996),
and Skogestad(2000). The differenceis that Shinnarassumeghat there exist at the outseta set of
“primary” variablesy; thatneedto be controlled,whereasn self-optimizingcontrolthe startingpoint
is aneconomiccostfunctionthatshouldbe minimized.

Theauthorsprovide someintuitive ideasandexamplesfor selectingdominantvariableswhich may
beusefulin somecasesespeciallywhenno modelinformationis available. However, it is notclearhow
helpful the ideaof “dominant” variableis, sincethey arenot really definedandno explicit proceduras
givenfor identifying them. Indeed,Arbel et al. (1996)write that“the problemsof partial control have
beendiscussedn aheuristicway” andthat“considerablyfurtherresearchs neededo fully understand
the problemss steady-stateontrolof chemicalplants”. Tyreus(199%) providessomeadditionalideas
on how to selectdominantvariables partly basedn theextensve variableideaof Geogakis(1986)and
thethermodynamiddeasof Ydstie,(AlonsoandYdstie 1996),but againno procedurdor selectingsuch
variablesarepresented.
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5.4 Decompositionof the problem

Thetaskof designinga control systemfor completeplantsis a large anddifficult task. Thereforemost
methodswill try to decompose¢he probleminto manageablgarts.Four commonwaysof decomposing
the problemare

1. Decompositiorbasedon processunits

2. Decompositiorbasedon processstructure

3. Decompositiorbasedon controlobjectves(materialbalanceenegy balanceguality, etc.)
4. Decompositiorbasedntime scale

Thefirstis a horizontal(decentralizedilecompositiorwhereaghe latter threeprovide hierarchicalde-
compositionsMost practicalapproachesontainelementdrom several categories.

Many of the methodsdescribedelov suggesto performthe optimizationat the endof the proce-
dure,after checkingif thereare degreesof freedomleft. However, asdiscusse@bove, it is possibleto
identify the steady-statelegreesof freedominitially andperforman optimizationto identify controlled
variables(c’'s) that achiere self-optimizingcontrol (a “top-dowvn approach”),andafterwardsto design
“bottom-up” a control systemwhich, in additionto satisfyingotherobjectives, is ableto controlthese
variablesattheir setpoints.Thisis the approactwe adwocate.

It is alsointerestingto seehow the methoddiffer in termsof the importanceassignedo inventory
(level) control. Someregardinventorycontrolasthemostimportant(asis probablycorrectwhenviewed
purelyfrom a operationapoint of view) whereas?onton(1994)stateghat“inventoryshouldnormally
beregardedastheleastimportantof all variablesto beregulated”(whichis correctwhenviewedfrom a
designpointof view). We feel thatthereis a needto integratethe viewpointsof the controlanddesign
people.

5.4.1 The unit basedapproach

The unit-basedpproachsuggestethy Umedaetal. (1978),proposedo
1. Decomposehe plantinto individual unit of operations
2. Generatdhe bestcontrolstructurefor eachunit
3. Combineall thesestructurego form a completeonefor the entireplant.
4. Eliminateconflictsamongtheindividual controlstructureghroughmutualadjustments.

This approacthasalwaysbeenwidely usedin industry andhasits mainadwantagethatmary effec-
tive control schemeshave beenestablishedver the yearsfor individual units (e.g. Shinslkey (1988)).
However, with an increasinguseof materialregycle, heatintegration and the desireto reducebuffer
volumesbetweerunits, this approachmay resultin too mary conflictcsandbecomempractical.

As aresult,onehasto shift to plantwidemethodswherea hierarchicaldecompositions used.The
first suchapproachwasBuckley’s (1964)division of the control systeminto materialbalancecontrol
andproductquality control,andthreeplantwideapproachegartly basedon his ideas,aredescribedn
thefollowing.

5.4.2 Hierar chical decompositionbasedon processstructure

Thehierarchygivenin Douglas(1988)for processlesignstartsat a cruderepresentatioandgetsmore
detailed:

Level 1 Batchvscontinuous
Level 2 Input-outputstructure

Level 3 Regycle structure
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Level 4 Generaltructureof separatiorsystem
Level 5 Enegy interaction

Fisheretal. (1988)proposeto usethis hierarchywhenperformingcontrollability analysisandPonton
andLaing (1993) point out that this hierarchy (e.g. level 2 to level 5) could alsobe usedfor control
systemdesign. This framevork enablesarallel developmentfor the processand the control system.
Within eachof thelevelsaborve ary designmethodmight be applied.

Ng andStephanopoulofl99&) proposeo usea similar hierarchyfor controlstructuredesign.The
differencebetweenDouglas(1988) and Ng and Stephanopoulo§1998)’s hierarchyis thatlevel 1 is
replacedby a preliminaryanalysisandthatlevels 4 and5 arereplacedby moredetailedstructures.At
eachstepthe objectivesidentified at an earlier stepis translatedo this level and new objectives are
identified. Thefocusis on constructionof massandenegy balancecontrol. The methodis appliedto
theTennesseEastmarcase.

All thesemethodshave in commonthat at eachstep(level), a key pointis to checkif thereremain
enoughmanipulatedsariablesto meetthe constraintsandto optimizeoperation.The methodsareeasy
to follow andgive a good procesaunderstandingandthe conceptof a hierarchicalview is possibleto
combinewith almostary designmethod.

5.4.3 Hierar chical decompositionbasedon control objectives

The hierarchybasedon control objectvesis sometimescalled the tiered procedure. This bottom-up
procedurdocuseson the tasksthatthe controllerhasto perform. Normally onestartsby stabilizingthe
plant,which mainly involvesplacinginventory(massandenegy) controllers.

Priceetal. (1993)build on the ideasthat wasintroducedby Buckley (1964)andthey introducea
tieredframewvork. Theframework is dividedinto four differenttasks:

| Inventoryandproductionratecontrol.

Il Productspecificatiorcontrol

Il Equipment& operatingconstraints
IV Economicperformanceenhancement.

Their paperdoesnot discusspointslil or IV. They performa large number(318) of simulationswith
differentcontrolstructurescontrollers(P or Pl), andtuningson asimpleprocessonsistingof areactoy
separatoandregycle of unreactedeactant.The configurationsareranked basedon integratedabsolute
error of the productcompositionfor stepsin the disturbanceFromthesesimulationthey proposesome
guidelinesfor selectingthe through-putmanipulatorandinventory controls. (1) Preferinternal flows
as through-putmanipulator (2) the through-putmanipulatorand inventory controls should be self-
consisten{self-consistencis fulfilled whenachangean thethrough-pufpropagatethroughthe process
by “itself” anddoesnot dependon compositioncontrollers). They apply theirideason the Tennessee
Eastmamroblem(Priceetal. 1994).

Ricker (1996) commentson the work of Priceet al. (1994)andpointsout that plantsare oftenrun
atfull capacity correspondingo constraintsn oneor several variables.If a manipulatedrariableused
for level control saturatespne loosesa degreeof freedomfor maximumproduction. This shouldbe
consideredvhenchoosingathrough-puimanipulator

Luybenetal. (1997)pointoutthreelimitationsof theapproaclof Buckley. First,hedid notexplicitly
discusenegy managemeniSecondhedid notlook atregycles. Third, heplacedemphasi®ninventory
controlbeforequality control. Their plantwidecontroldesignproceduras listed below:

1. Establishcontrolobjectves.
2. Determinethe controldegreesof freedomby countingthe numberof independenvalves.

3. Establishenegy inventorycontrol,for removing the heatsof reactionsandto preventpropagation
of thermaldisturbances.
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4. Setproductionrate. The productionrate canonly be increasedy increasinghe reactionratein
thereactor Onerecommendatiors to usetheinputto the separatiorsection.

5. Productquality andsafetycontrol. Herethey recommendhe usual“pair close”-rule.

6. Inventorycontrol. Fix aflow in all liquid regycle loops. They statethatall liquid levelsandgas
pressureshouldbe controlled.

7. Checkcomponenbalances(After this pointit mightbeenecessaryo go backto item4.)
8. Unit operationgontrol.

9. Useremainingcontrol degreesof freedomto optimizeeconomicor improve dynamiccontrolla-
bility.
They applytheir procedureon severaltestproblems;thevinyl acetatenonomerprocessthe Tennessee
Eastmamrocessandthe HDA process.

Step3 comesbeforedeterminingthe throughputmanipulator sincethereactoris typically the heart
of the processandthe methodsfor heatremoval areintrinsically part of the reactordesign. In order
to avoid regycling of disturbanceshey suggesto seta flow-ratein all reg/clesloops;thisis discussed
morein section6. They suggestn step6 to controlall inventories but this may not be necessaryn all
casesg.g. it maybe optimalto let the pressurdloat (Shinskey 1988). We recommendseebelaw) to
combinestepsl and9, thatis, the selectionof controlledvariables(control objectves)in stepl should
bebasedn overall planteconomics.

McAvoy (1999) presentsa methodwherethe control objectives are divided into two cateyories:
variablesthat “must” be controlled,andproductflow andquality. His approachs to identify the setof
inputsthat minimizesvalve movements.This is first solved for the “must” variablesthenfor product
rateandquality. The optimizationproblemis simplified by usingalinear stablesteadystatemodel. He
givesno guidancento how to identify the controlledvariables.

5.4.4 Hierarchical decompositionbasedon time scales

Buckley (1964)proposedo designthe quality control systemashigh-pasdilters for disturbancesnd
to designthe massbalancecontrol systemaslow passfilters. If theresonancérequeng of the quality
control systemis designedo be an order of magnitudehigherthanthe breakfrequeng of the mass
balancesystemthenthetwo loopswill be non-interacting.

McAvoy andYe (1994)divide their methodinto four stages:

1. Designof innercascadédoops.

2. Designof basicdecentralizedoops,exceptthoseassociatedavith quality andproductionrate.
3. Productiorrateandquality controls.

4. Higherlayercontrols.

Thedecompositionn staged -3is basednthespeeddf theloops.In stagel theideais to locally reduce
the effect of disturbancesin stage2 theregenerallyare a large numberof alternatve configurations.
Thesemay be screenedisingsimplecontrollability tools, suchasthe RGA. Oneproblemof selecting
outputsbasednacontrollability analysiss thatonemayendup with theoutputsthatareeasyto control,

ratherthanthe onesthatareimportantto control. The methodis appliedto the Tennesse&astmartest

problem.

Douglas(1988),at page414, presents hierarchyfor control systemdesign basedon steady-state,
normaldynamicresponseandabnormaldynamicoperation.Zhengetal. (1999)continuethis work and
placea greaterattentionon feasibility in faceof constraintsand on robust optimality (self-optimizing
control). (ZhengandMahajannan1999)proposeo useminimumsuige capacityasa dynamiccost.
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6 Thereactor, separatorand recycleplant

A commonfeatureof mostplantsis the presenceof reg/cle. A simple exampleis distillation, with
regycle (“reflux”) of liquid from thetop of the columnandof vaporfrom the bottomof thecolumn.

In this section,we considerthereactorandseparatoprocesswith regycle of unreactedeedfrom a
reactor This problemhaslately beenstudiedby mary authorse.g. (Papadourakigtal. 1987),(Wolff et
al. 1992),(Priceetal. 1993),(Luyben1994),(LuybenandFloudas1994),(Mizsey andKalmar 1996),
(Wu andYu 1996),(Hansernl998),(Ng andStephanopoulo$99&). It maybedifficult to follow all the
detailsin the casestudiespresentedsoinsteadwe aimin this sectionto gainsomebasicinsightinto the
problem.

In thesimplestcase]et thereactorbea CSTRwherecomponenA is convertedto a productandthe
amountcorvertedis

P =kzyM [molA/s]

Theunreacted is separatedrom the productandregycled backto the reactor(for simplicity we will
hereassumeerfectseparation)To increasehe corversionP onethenhasthreeoptions:

1. Increasahetemperaturén orderto increasehereactionrateconstant [s~1].

2. Increaseheamountof regycle, whichindirectly increaseshefractionof A in thereactoy z4 [mol
A/mol].

3. Increasehereactorholdup M [mol]. (In aliquid phasesystemthe reactorholdupis determined
by thereactorlevel, andin a gasphasesystemby thereactorpressure.)

Herewe will assumehatthetemperaturés constantsotherearetwo optionsleft. Sinceat steady-
statewith given productspecificationghe conversionof A in the reactoris given by the feedrate, it
follows that the two remainingoptionsare dependentso if we control one variable, then the other
variablewill "float” andadjustitself.

Two commoncontrolstratgiesarethen

(A) Controlthereactorholdup(andlet theregycle flow float)
(B) Controltheregycle flow (andlet thereactorholdupfloat).

In case(A) onemay encountetthe so-called’snowball effect” wherethe reg/cle goesto infinity. This
occursbecausat infinite regycle flow we have z4 = 1 which givesthe highestpossibleproduction.In
effect, the snawvball effect occursbecausehe reactoris too smallto handlethe givenfeedrate,soit is
really a steady-statdesignproblem.

Luyben(1992,1994)hasstudiedliquid phasesystemsandhasconcludedhat control stratgy (B)
(or avariantof it) with oneflow fixedin theregycle loop shouldbe usedto avoid the "snowball effect”.

Wu andYu (1996)alsostudythe snavball effectandproposeo distribute the“load” evenly between
thedifferentunits. In effect, they suggesto let thereactorvolumevary and

(C) Controlthereactorcomposition.

However, from aneconomigoint of view oneshouldin mostcasedor liquid phasesystemginclud-
ing the one studiedhere)keepthe reactorlevel at its maximumvalue. This maximizesthe corversion
per passandresultsin the smallestpossibleregycle, which generally(unlessbyprodyctsare formed)
reducegheoperationatost. Thus,therecommendationf Luyben(1992,1994)and(Wu andYu 1996),
hasa steady-stateconomicpenaltywhich it seemghatmostresearcherbave sofar neglected.

Onthe otherhand,for gasphasesystemsthereis usuallyan economicpenaltyfrom compression
costsinvolved in increasingthe reactorholdup (i.e. the reactorpressure)andstratgy (B) wherewe
let the holdup (pressurefloat mayin factbe economicallyoptimal. Indeed,suchschemesare usedin
industry e.g. in ammoniaplants. For example,for processesvith gasreg/cle andpume, Fisheret al.
(1988)recommend$o keepthe gasregycle constangtits maximumvalue.
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Figure3: Tennesse&astmarprocesglowsheet

Wolff et al. (1992) studieda similar plant. They includedan inert componentandlooked on the
effectsof regycle on the controllability of the process.Their conclusionis that the purge streamflow
shouldbeusedto controlthe compositiorof inert. They did notconsidethereactoroldupasapossible
controlledvariable.

All theabore workshave in commonthattheauthorsaresearchingor theright controlledvariables
to keepconstant(regycle flow, reactorvolume,composition.etc.). However, a commonbasisfor com-
paringthe alternatves seemsgo be lacking. In termsof future work, we proposethat onefirst needso
defineclearlythe objective function (cost) J for the operationof the reactorsystem.Only whenthisis
given,mayonedecidein arigorousmannemn the bestselectionof controlledvariablesfor exampleby
usingtheideaof “self-optimizing” controlandevaluatingtheloss.

/ Tennesse&astmanProcess

7.1 Intr oduction to the testproblem

The problemof DownsandVogel(1993)wasfirst proposedatan AIChE meetingin 1990andhassince
beenstudiedby mary authors. The processhasfour feed streamspne productstream,andone purge
streamto remove inert (B) andbyproduct(F). Thereactionsare
A(g) +C(g)+D(g) — G(liq), Productl,
A(Q)+C(g)+E(g) — H(lig), Product2,
A(@) +E(@ —  F(liq), Byproduct,
3D(g) — 2F(lig), Byproduct,

All reactionsareirreversible,exothermicandtemperaturelependentia the Arrheniusexpression.
Theprocesdasfive majorunits; areactoy aproductcondenseiavaporliquid separatqraregycle com-
pressoranda productstripper;seeFigure3. Thereare41l measurementand12 manipulatedrariables.
For amoredetaileddescriptionseeDownsandVogel (1993)

Ricker (1995)consideredhe steady-stateptimal operationof the plant. In all caseshefoundthat
it is optimalto have maximumreactorpressureminimum reactorlevel, maximumagitatorspeed and
minimum steamvalve opening. Furthermorejn mostcasest is optimal to useminimum compressor
regycle valve opening.
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7.2 McAvoy and Ye solution

McAvoy andYe (1994)closeat stagel innercascadéoopsinvolving eightflows andtwo temperature.
Thisreducesheeffect of thedisturbanceassociateavith thesdoops. At stage3 they useasimplemass
balanceof the plant. This givessomeconstraintdor stage2, for example,thateitherthe C-feedor the
productflow mustbeleft for thethird stage.

At stage2 decentralizedoopsare closed. They startwith the level loops sincethey arethe most
importantloops. Therearethreelevel loops;reactoy separatoandstripper andthey considerfour pos-
sible level configurations.Threeof the configurationsvereruled out basedon controllability analysis.
Thealternatve wherethe E-feedis usedfor reactorevel controlis analyzedn greaterdetail. They look
at three6x6, eighteensxb, andfifteen 4x4 systemswherethe controlledvariablesseemto be rather
randomlychosen After ananalysisinvolving RGA, Niederlinskiindex andlinearvalve saturationpnly
four alternatves areleft. Thesearefurther screenedn their steady-statéehaior for a rangeof dis-
turbances.In additionto levels, productionrateand% G in product(which mustbe controlled),they
proposeto control reactortemperaturereactorpressureregycle flow rate,compressopower, concen-
trationof B in purge,andconcentratiorof E in productflow.

7.3 Lyman, Georgakisand Price’s solution

Geopgakis and cowvorkers have studiedthe problemin seseral papers(Lyman and Geogakis 1995),
(Priceetal. 1994). They startby identifying the primary path,whichis from the raw materialsthrough
the reactoy condenserthe stripper andto the productflow. They do not considerthe C-feedsinceit
is in excessin the regycle. (Priceetal. 1994)list all candidategor through-putmanipulationsalong
the primary path: The feed streamsflow of coolantto reactorcondenserthe separatodrum bottoms
flows andfinal productflow. Of thefeedsonly D is considered As notedby the authorsone possible
through-puimanipulatotis missing.the C-feedsinceit wasassumedhotto beontheprimarypath. Next,
they list the inventoriesthat needto be controlled; pressurereactorlevel, separatotevel andstripper
level. Inventory controlsare chosenso to constructa self-consistenpath (which doesnot dependon
quality controllers).At this point they have four differentstructures.in the endthey suggesto control
reactotemperatureseactorevel, regycle flow rate,agitationrate,compositionof A, D andE in reactor
feed,compositionof B (inert) in purge andcompositionof E in product.Eventhoughthey considerthe
operationcostfor the control structure,it cannever becomeeconomicallyoptimal sincevariablesthat
shouldbekeptattheir constraintglike theregycle valve) areusedin controlloops.

Their procedures simpleandclearto follow. Theresultis a control systemthatis fairly simpleto
understand.

7.4 Ricker’'ssolution and relatedwork

Ricker and Lee (1995) usenonlinearmodel predictve control (NMPC), and comparewith the multi-

loop (decentralized¥tratgyy of McAvoy andYe (1994)which they find performsadequatelyfor mary

scenariosbhut they suggesthatcompressopower shouldnot be controlled.For thesesimplercaseshe
NMPC stratgy improvesperformancebut the differencemay betoo smallto justify the NMPC design
effort. Ontheotherhand for themoredifficult casesthedecentralizeépproactwould requiremultiple
overridesto handleall conditions,andnonlinearmodelpredictve controlmaybe preferred.

In anotherstudy Ricker (1996) considersdecentralizectontrol and concludesthat thereis little,
if ary, advantageto the useof NMPC on this application. He focuseson the selectionof controlled
variables.First, he suggests$o controlvariableswhich optimally shouldbe at their constraints Second,
he excludesvariablesfor which the economicoptimal valuevariesalot. Thisis in agreementith the
theideaof self-optimizingcontrol. He endsup controlling regycle valve position(at minimum), steam
valve position (at minimum), reactorlevel (at minimum), reactortemperaturecompositionof A + C
in reactorfeed, and compositionof A in the reactorfeed. He notesthatit is importantto determine
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appragpriatesetpointvaluesfor the latterthreecontrolledvariables.In addition,overridesareinstalled.
The productionrate manipulatoris chosenasthe input that mostlikely is goingto saturatenamelya
combinationof D andE.

Larssonand Skogestad2000)follow up the work of Ricker (1995, 1996) on selectingcontrolled
variablesbasedon steady-stateconomics.A deggreeof freedomanalysisrevealsthatthereare 8 de-
greesof freedomat steady-stateln the nominalcase(model), 5 constraintsareactie at the optimum
(Ricker 1995),which leaves3 unconstrainediegreesof freedom.They systematicallygo throughmost
of thealternatve controlledvariables.They find thatgoodself-optimizingpropertiesareachiezedwhen
controlling,in additionto the optimally constrainedrariables reactortemperatureregycle flowrate (or
compressowork), andcompositionof A in purge (or in reactorfeed). They alsofind thatthe suggestion
Ricker (1996)of controllingreactortemperatureA in reactorfeed,andC in reactorfeed,is amongthe
betterchoicesfrom a self-optimizingpoint of view. Larssonand Skogestad2000)concludethatinert
(B) compositionshouldnot be controlled,which is againsthe recommendationsf mostotherauthors
exceptRicker (1996). For the casethey study with a given productionrate,they alsofind thatreactant
feedrates purgerateor reactorfeedrateshouldnot be selectecascontrolledvariables.

7.5 Luyben and Tyreus’solutions

Luybenetal. (1997)look at two casedor control of through-put;with the productflow or with the
A-feed. Herewe only considerthe casewherethe productflow is the through-putmanipulator In step
3 they look atenegy inventorycontrol,whichin this caseis to controlthereactortemperaturavith the
reactorcooling water In step5 they assignthe strippersteamstreamto control strippertemperature,
and thereforealso the productcompositions. Sincethe pressureof the reactormust be kept within
bounds,they usethe largestgasfeed (the feed of C) to control the reactorpressure. Step7 is the
checkof componenbalancesyvhich givesa compositioncontrollerfor inert usingthe purge flow and
a compositioncontrollerfor A usingthe A-feed. After doing somesimulationsthey add a controller
for control of the condenserusingthe reactortemperature.Their final schemesetsagitationrateand
the regycle valve at their constraintywhich is optimal from an economicpoint of view), andcontrols
reactorpressureteactorevel, separatotemperaturestrippertemperatureflow andtheratio betweerk
andD feed,compositionof A in purge,andcompositionof B (inert) in purge.

Theresultingcontrolsystemis simple,but therecouldhave beerabetterjustificationonwhatoutputs
to control.

Tyreus(199%) usesathermodynami@pproacho solve the problem.He (correctly)setsthe agita-
tion onfull speedandclosesthe steamandregycle valves. In addition,he controlsreactortemperature,
reactorpressureteactorievel, A in reactorfeedandB in pumgeflow.

7.6 Ng and Stephanopuloss solution

Ng and Stephanopoulo§1998) start by stabilizing the reactor Thenthey proceedto look at the in-
put/outputlevel of the plant, wherethe centralpointis to fulfill materialandenegy balances At this
level it shouldhave beenpossibleto say somethingabouthow the feedsshouldbe adjustedin order
to achieve the right mix of G andH, but they do not. Rather they look at which feedor exit flows
that shouldbe usedto maintainmaterialbalancecontrol. At the final level they translatethe control
objectvesto measurementd-dere materialbalancecontrolis translatednto inventorycontrollers like
productflow to control stripperlevel andbottomflow to control separatofevel. The next objectve is
thenreactorpressuravherepurge rateis assignedFinally E feedrates assignedo controlthe product
ratio,andE is assignedo through-putcontrol. The A andC feedratesreusedfor controllingcomposi-
tion of A andC. In summarythe proposeto controlreactortemperatureseactorievel, reactorpressure,
G in productflow, strippertemperatureC in reactorfeed,A in reactorfeedandB (inert)in purge flow.

The methodis somavhatdifficult to follow andthey seemto repeatmary of theagumentsn each
phase.
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7.7 Other work

The above review is not complete andtherearemary authorswho have worked on this problem,e.g.
(BanerjeeandArkun 1995),(Wu andYu 1997),(ScaliandCortonesil995).

7.8 Other testproblems

Thereare several other suitabletest problemfor studyingissuesrelatedto plantwide control. These
includethe HDA-plant (Douglas1988),the vinyl acetatenonomerprocesgLuybenandTyreus1998),
theregycle plant(Wu andYu 1996)andthe LuybenandLuybenplant(LuybenandLuyben1995).

8 A new plantwide control designprocedure

Basedontheabove review andasaconclusiorto this papeywe proposea plantwidedesignprocedureas
summarizedn Tablel. The proceduramainly follows the mathematicallyorientedapproachput with
someelementdrom the processrientedapproach.

We proposeto first performa top-davn analysisto selectcontrolledvariables,basedon the ideas
of self-optimizingcontrol (stepl1). For this we needa steadystatemodel and operationalobjectves
(steadystateeconomics).Theesultis one or more alternatve setsfor (primary) controlledvariables
(y1 = ¢). Theoptimal productionrate manipulatorwill usuallyfollow from this analysis,but a more
detailedanalysisof this choiceis recommendedstep2). Notethatthe selectionof controlledvariables
is alsoimportantalsowhenusingmultivariablecontrol (e.g. MPC) in thelower controllayers.

The top-davn analysisis followed by a bottom-upassignmenand possiblydesignof the control
loops. This is donein a sequentiaimannerandresultsin a hierarchicalcontrol systemas shavn in
Figurel. Eachcontrollershouldbe of limited size(usuallywith asfew inputsandoutputsaspossible),
andwith emphasi®n avoiding “long” loops,thatis, oneshouldpair inputsandoutputswith are“close”
to another Note thatno degreesof freedomarelost aswe closeloops,astheir setpointsare degreesof
freedomfor the higherlayers.

Thebottom-updesignstartsthe regulatorycontrollayer (step3) wherethe main objectie is faculi-
tate manualoperationwhenthe moreadwancedcontrol layersarenotin use. We proposeto startwith
stabilization(step3a) (liquid level control,slowly drifting modesgtc.) whereit isimportantto avoid in-
putsaturation Next we considerthefastloopsneededor local disturbanceejection(step3b). Herewe
may make useof (extra) secondaryneasurementy;). Thisis the “regulatory” controllayer (system).
The objective for the regulatorylayeris that manualoperationof the plantis possibleaftertheseloops
areclosed.

We now have asdegreesof freedomthe setpointsof the regulatorylayer () plusary unusedma-
nipulators(u1), theseshouldbeusedto controlthe primaryoutputs(y; = ¢) (step4). This controllayer
is herecalledthe supervisorycontrollayer, but othernamesarein use,suchasadwancedcontrolandco-
ordinatingcontrol. Therearetwo mainapproachegere: Useof singleloop (decentralizedgontrollers
with possiblefeed-forvard links (step4a), or useof multivariable control (step4b), e.g. decoupling
or modelpredictve control (MPC). Multivariablecontrolwith constrainthandlingmay avoid the need
for logic to reconfigurdoops,andproperlydesignedmultivariablecontrollersgive betterperformance.
Theseadwantagesnustbe tradedagainstthe costof obtainingand maintainingthe modelsusedin the
multivariablecontroller

Themainresultof thiswill bethe controlstructure but controltuningsmay alsobe obtained.lter-
ationmay be neededfor exampleonemay needto go backan consideralternatve controlledvariables
(step1) or anotherthroughputmanipulator(step2), if the resultingcontrol problemin step4 is too
difficult. Finally, nonlineardynamicsimulationsshouldbe performedto validatethe proposedcontrol
structure(step6).
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9 Conclusion

In this paperwe have given a review on plantwidecontrol with emphasion the following tasksthat
make up the controlstructuredesignproblem:

1. Selectiorof contwolled variables(c with setpoints:,).
Selectiorof manipulatedvariables(m).

Selectiorof measuementgv)

Selectiorof control configuation

a k~ N

Selectiorof contoller type

For the selectionof controlledvariableswe have seenthat the consideratiorof steady-stateco-
nomicsis very useful. It appearshatthe solutionto this taskprovidesthe muchneededink between
steady-stat®ptimizationand processcontrol, andthat the idea of “self-optimizing control” to reduce
the effect of disturbancesinduncertaintyprovidesa very usefulframewvork for makingthe right deci-
sion. We thusproposehatthe designof the controlsystenshouldstartwith theoptimization(or atleast
identifying whatthe control objectivesreally are) andthus providing candidatesetsfor the controlled
variables. The control problemis thendefined,andone may proceedo analyze(e.g. usinganinput-
outputcontrollability analysiswhetherthe control objectvescanbe met). The actualbottom-updesign
of the control systemis doneafter the control problemhasbeendefined,including the classificatiorof
all variableg(into inputs,disturbances;ontrolledvariablesgetc.).

Mostof theproposegrocesorientedproceduredave elementdrom this way of thinking, although
someproceduregocus mostly on controlandoperationandseemto skip lightly over the phasewhere
the overall control problemis defined.

Several casestudieshave beenproposedand mary have worked on these. However, someof the
worksto provide limited generainsight,andtheirvaluemaythereforebequestionedA moresystematic
approactanda commongroundof comparisons suggestedor future work.

In summary the field of plantwide control is still at a relatively early stageof its development.
However, the progressover thelastfew years bothin termsof casestudiesandtheoreticawork, shavs
promisefor the future. Thereis still a needfor a clearerdefinition of the issuesandit is hopedthat
this papermay be usefulin this respect.In the longerterm, whereautomaticgeneratiorand analysis
of alternatve structuresmay becomemore routine, the main problemwill probablybe to be ableto
generatenodelsin an efficient way, andto provide efficient meandor their analysis(e.g. usinginput-
outputcontrollability analysis).
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Table1: A plantwidecontroldesignprocedure

Step

Toolsandcomments

Top-down analysis:

CONTROLLED VARIABLES:

What is the control objectve and which variables
shouldbe controlled?

Goal: Obtainprimarycontrolledvariables(y; = ¢)

PRODUCTION RATE:
Whereshouldthethroughputbe set?

Very importantchoiceasit determineghe structure
of theremaininginventorycontrol system.

Steady-statenodel, constaints and operational ob-
jectives

Degreeof freedomanalysis.Determinghemajordis-
trubances. Evaluatethe (economic)loss, with con-
stantsetpointsfor ¢ and look for “self-optimizing”
controlstructure.

The optimal economicchoicemay follow from step
1, but since this an importantdecisionsomemore
careful analysisof its implicationsshouldbe made.
The optimal choicemay move whentherearedistur
banceqto avoid logic reconfiguratiorone may con-
siderMPC)

Bottom-up design:
(With givencontrolledandmanipulatedrariables)

REGULATORY CONTROL LAYER.

Main purposeof this layer: Enablemanualoperation
of theplant

3.1 Stabilization.

Designof stabilizingloops(including slowly drifting
modes). including choice of (extra) measurement
andpairingwith manipulatedrariables.

3.2Localdisturbancerejection.
Assigmentof local loops, often basedon secondary
(extra) measurements.

SUPERVISORY CONTROL LAYER.

Main purposeof thislayer: Keep(primary)controlled
variabledc) at optimalsetpoints.

4a. Decentalizedcontrol.

Preferredf the processs noninteractingandthe con-
straintsarenot changing.

Feed-forvard controlandratio controlmay be useful
here.

4b. Multivariable control
Multivbariablecoordination(including feed-forward
control)is neededo improve control performanceof
interactingprocessandfor trackingof moving active
constraint{MPC is well suitedfor thelatter).

Contmwollability analysis Computezeros,poles,rela-
tive gainarray minimumsingularvalue,etc.

Pole vectos

Preferfor eachunstablemodelarge elementsn the
scorrespondingpole vectors: Large noise tolerated

(measurementgndsmallinput magnitudesequired

(manipulators).

Partially controlled plant

Selectsecondaryneasurementy,) sothattheeffect

of disturbancesntheprimaryoutput(y; = ¢) canbe

handledby the operators.

Contmwollability analysisfor decentalizedcontrol

Pair on relative gain array closeto identity matrix at
crosswoer frequeng, provided not negative at stead-
state.Closedloop disturbancegain (CLDG) andper
formancegainarray(PRGA) maybe usedto analyze
interactionsandtunecontrollers.

REAL TIME OPTIMIZATION
Computeoptimalsetpointdor controlledvariables
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Steady-statanodel and operationalobjectives (see
stepl)

VALIDATION

Nonlineardynamicsimulation



