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Abstract

Plantwidecontrolis concerneavith thestructuradecisionsnvolvedin thecontrolsystendesignof achemical
plant (Foss1973); “Which variablesshould be controlled, which variablesshould be measuredwhich inputs
shouldbe manipulatedandwhich links shouldbe madebetweerthem?” In particular thefirst issueaboutwhich
variablesto control hasreceived little attention. It is arguedthat the answeris relatedto finding a simple and
robust way of implementingthe economicallyoptimal operatingpolicy. The goalis to find a setof controlled
variableswhich, whenkeptat constantsetpointsjndirectly leadto nearoptimal operationwith acceptabldoss.
Thisis denoted‘self-optimizing” control. Sincethe economicsaredeterminedy the overall plantbehavior, it is
necessaryo take a plantwideperspeciie. A systematigprocedurdor finding suitablecontrolledvariablesbased
ononly steady-statenformationis presentedimportantstepsaredegreeof freedomanalysisdefinitionof optimal
operation(costandconstraints)andevaluationof thelosswhenthe controlledvariablesarekeptconstantather
thanoptimally adjusted A casestudyyieldsveryinterestingnsightsinto the controlandmaximumthroughpubf
distillation columns,
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1 Introduction

If we considerthe control systemin a chemicalplant, thenwe find thatit is structuredhierarchically
into several layers,eachoperatingon a differenttime scale. Typically, layersincludeinclude schedul-
ing (weeks),site-wide(real-time)optimization(day), local optimization(hour), supervisory/prediote
control (minutes)andstabilizingandregulatory control (seconds)seeFigure 1. Thelayersareinter
connectedhroughthe controlledvariables.More precisely

Thesetpointsc; of thecontrolled variables arethe (internal)variablesthatlink two layers
in acontrolhierarchy wherebythe upperlayercomputeghevalueof ¢, to beimplemented
by thelower layer

We usuallyassumdime-scaleseparationwhich for our purposesmpliesthatthe setpoints:; canbe
assumedo be immediatelyimplementeday the layersbelon. Which shouldtheseinternalcontrolled
variablesc be?Thatis, whatshouldwe control?Or to phraseghequestionn anothemway: Why dowein
achemicalplantselectto controlalot of internalvariablese.g. compositionspressuresemperatures,
etc.)for whichthereareno explicit controlrequirements7This paperattemptgo answetthis question.

Moregenerallytheissueof selectingcontrolledvariableds thefirst subtaskn theplantwide control
or control structure design problem(Foss1973);(Morari 1982);(SkogestacandPostlethvaite 1996):

1. Selectiorof controlled variablesc

2. Selectiorof manipulatedvariablesm

3. Selectiorof measuements (for controlpurposesncluding stabilization)
4

. Selectiorofacontiol configuation (structureof thecontrollerthatinterconnectsneasurements/setpoints
andmanipulatedrariables)

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

Eventhoughcontrol engineerings well developedin termsof providing optimal controlalgorithms,it
is clearthatmostof theexisting theoriesprovide little helpwhenit comeso makingtheabove structural
decisions.

The methodpresentedn this paperfor selectingcontrolledvariables(task 1) follows the ideasof
Morari etal. (1980)and SkogestadandPostlethvaite (1996)andis very simple. The basisis to define
mathematicallyhe quality of operationin termsof a scalarcostfunctionJ to be minimized. To achieve
truly optimal operationwe would needa perfectmodel, we would needto measureall disturbances,
andwe would needto solve the resultingdynamicoptimizationproblemon-line. This is unrealisticin
mostcasesandthe questionis if it is possibleto find a simplerimplementationwhich still operates
satishctorily (with anacceptabldoss). More precisely theloss L is definedasthe differencebetween
the actualvalue of the costfunction obtainedwith a specificcontrol stratgy, andthe truly optimal
valueof the costfunction,i.e. L = J — J,,¢. The simplestoperationwould resultif we could select
controlledvariablessuchthatwe obtainedacceptabl@peratiornwith constansetpointsthuseffectively
turning the complex optimizationprobleminto a simple feedbackproblemandachiere what we here
call “self-optimizingcontrol”:

Self-optimizing control is whenwe canachiere an acceptabldéosswith constantsetpoint
valuesfor thecontrolledvariables

(The readeris probablyfamiliar with the term self-regulation, which is whenacceptablalynamic
control performancecan be obtainedwith constantmanipulatedinputs. Self-optimizingcontrolis a
directgeneralizatiorio thecasewherewe canachiere acceptabléeconomicyperformancevith constant
controlledvariables.) The term “self-optimizing control” is shortand descriptve, but alsootherterms
have beenusedto describethe sameidea, suchas“feedbackoptimizing control” (Morari et al. 1980),
and“indirect optimizing control (throughsetpointcontrol)”’(Halvorsenand Skogestadl998). A simple
exampleof self-optimizingcontrolis the procesf bakinga cake, wherethe operationis indirectly kept
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closeto its optimum (“a well-baked cake”) by controllingthe oventemperatureandbakingtime at the
setpointsgivenin the cookbook (whichin this caseis the “optimizer”).

Theideais furtherillustratedin Figure2, wherewe seethatthereis alossif we keepconstantset-
pointsratherthanreoptimizingwhena disturbancenovesthe processway from its nominally optimal
operatingpoint (denotedk). For the casellustratedin thefigureit is better(with asmallerloss)to keep
thesetpointcy; constanthanto keepcys constant.

An additionalconcerrwith theconstansetpointpolicy is thattherewill alwaysbeanimplementation
errord, = ¢ — c,, €.g. causedby measuremengrror. The implementatiorerror may causea large
additionallossif the optimumsurfaceis “sharp”. To be morespecific,we mayasillustratedin Figure3,
distinguishbetweerthreeclasse®f problemswhenit comeso theactualimplementation:

(a) Constainedoptimum In thefigureis shavn the casewherethe minimumvalue of the cost
J is obtainedfor ¢ = ¢,,i,,. In this casethereis no lossimposedby keepinga constant
¢cs = cmin. IN addition,implementatiorof an “active” constraintis usuallyeasy e.qg.,it is
easyto keepavalve closed.

(b) Unconsteined flat optimum In this casethe costis insensitve to value of the controlled
variablec, andimplementatioris againeasy

(c) Unconstainedsharpoptimum The moredifficult problemsfor implementatioris whenthe
cost(operation)s sensitve to valueof the controlledvariablec. In this casewe wantto find
anothercontrolledvariablec in which the optimumis flatter

Thelatterunconstrainegroblemsarethe focusof this paper

I mportant notation

¢ - controlledvariables(selectedfrom the setsof y andm to replaceu as degreesof freedomfor
optimization)

copt (d) - optimalvalueof ¢ for givend (which minimizesJ).
¢cs - setpointvaluefor ¢; in this papeyc, = copt(d*)

d - disturbancevariables

d* - nominalvalueof disturbances

d. = ¢ — ¢s; - implementatiorerror

ecs = Cs — Copt(d) - Setpointerror

ec = ¢ — Copt(d) - overallerror

J = Jy(u,d) = J(c,d) - scalarcostfunctionto beminimized
Jopt (d) - minimumvalueof J (minimizedwith respecto u or c)
L = Jc(c,d) — Jopt(d) -loss

m - manipulatedrariables(controldegreesof freedom)

m (assubscript} measured

n - noiseon measurementsf y

u - “baseset”for theoptimizationdegreesof freedom

v - all availablemeasurement@ncludingc,,, dm, Ym)

y - dependentoutput” variablesusuallymeasured
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2 Previouswork

Inspiredby thework of Findeiseretal. (1980),thebasicideaof self-optimizingcontrolwasformulated
abouttwentyyearsagoby Morari etal. (1980).Morari etal. (1980)write that“in attemptingo synthe-
sizea feedbackoptimizing control structure our main objectie is to translatethe economicobjectves
into processcontrol objectves. In otherwords, we wantto find a function ¢ of the processvariables
which whenheld constant)eadsautomaticallyto the optimaladjustment®f the manipulatedvariables,
andwith it, the optimal operting conditions. [...] This meansthat by keepingthe function ¢(u, d) at
the setpointc,, throughthe useof the manipulatedvariablesu, for variousdisturbanced, it follows
uniquelythatthe processs operatingat the optimal steady-staté. If we replacethe term“optimal ad-
justments’by “acceptableadjustmentgin termsof theloss)” thenthe above is a precisedescriptionof
whatwe in this paperdenotea self-optimizingcontrol structure.The only factorthey fail to consideris
theeffect of implementatiorerrorc — ¢s. Morari etal. (1980)proposeo selectthe bestsetof controlled
variablesbasedon minimizing theloss (“feedbackoptimizing control criterion 1”). They alsopropose
that Monte Carlo simulationsshouldbe usedto evaluatethe lossif the disturbancefiave a probability
distribution.

Somaeavhat surprisingly the idea of “feedbackoptimizing control” of Morari et al. (1980) hasup
to now receved very little attention. Onereasonis probablythat the paperalso dealtwith the issue
of finding the optimal operation(and not only on how to implementit), andanothermreasonis thatthe
only examplein the paperhappenedo resultin animplementatiorwith the controlledvariablesattheir
constraintsThe constrainedases “easy” from animplementatiorpoint of view, becausehe simplest
andoptimalimplementatioris to simply maintainthe constrainedrariablesat their constraint{“active
constraintcontrol”, (Maarleseld and Rijnsdrop1970)). No examplewas given for the more difficult
unconstrainedase,the focus of this paper wherethe choiceof controlled (feedback)variablesis a
critical issue. The follow-up paperby Arkun and Stephanopoulo§l980) concentratedurther on the
constrainedtaseandtrackingof active constraints.

At aboutthe sametime, Shinnar(1981)publisheda moreintuitive process-orientedpproactior se-
lectingcontrolledvariablesandappliedit to thecontrolof afluidized catalyticcracler (FCC). Thework
may at first seemunrelatedbut if onetranslateshewordsandnotation,thenonerealizeshatShinnars
ideasarecloseto the ideaspresentedn this paperandin Morari et al. (1980). The main differenceis
that Shinnarassumeshatthe overall objectve of the operationis to control a setof “primary” process
variablesY,, attheir specificationswhereasve in this paperfollow Morari etal. (1980)andassumehat
theoverall objective is to minimize someeconomiccostfunction.J. In bothcasest is assumedhatthe
overall objective may beindirectly achieved by controlling someothervariablesat their setpoint;these
controlledvariablesaredenotedy,; by Shinnar(1981)andc by Morari etal. (1980)(andin this paper).
Shinnar(1981) writes that the controlledvariablesshould“have a maximumcompensatingffect on
Y,".

The similar later paperby Arbel et al. (1996) extendedthe FCC casestudy and introducedthe
conceptof “dominantvariables”and“partial control”. Thedominantvariablesaretheproceswvariables
thattendto dominateheprocesdehaior, for example thetemperaturén areactorandwhichtherefore
intuitively may be good candidatesas controlledvariables,By partial control is meantthat control of
thesevariablesindirectly achieres acceptablecontrol of the primary variables. The authorsprovide
someintuitive ideasandexamplesfor selectingdominantvariablesvhich maybe usefulin somecases,
especiallywhenno modelinformationis available. However, it is not clear how helpful the idea of
“dominant”variableis, sincethey arenotreally definedandno explicit procedures givenfor identifying
them. Indeed,Arbel et al. (1996)write that “the problemsof partial control have beendiscussedn
a heuristicway” andthat “considerablyfurther researchis neededo fully understandhe problemsis
steady-stateontrolof chemicalplants”. It is believedthattheapproaclpresentedh this paperbasedn

Theterms*“partial control” and“partially controlledsystem”areusedby otherauthors(Waller et al. 1988)(Skogestacand
Postlethvaite 1996)in a moregenerakenseto meanthe systemasit is appeargrom somehigherlayerin thecontrolhierarchy
with someloopsalreadyclosed(e.g.aplantwheretheliquid level loopsareclosed).
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usinga (steady-stateinodelto evaluatethe (economic)loss,providesanimportantpartof this missing
theoreticaframavork.

Tyreus(1999)providessomeadditionalinterestingdeason how to selectdominantvariables partly
basedon the extensve variableideaof Geogakis (1986)andthe thermodynamigédeasof Ydstie, e.g.
(Alonso andYdstie 1996),but againno procedurdor selectingsuchvariablesarepresentedAgain, it
is believed that a more systematicapproachg.g. basedon applyingthe four requiremenfor variable
selectiongivenin Section5.2, or (evenbetter)evaluatingthelossasdiscussedbection5.4, will confirm
therecommendationgiven by Tyreus(1999).

Luyben(1988)introducedtheterm“eigenstructure’to describeheinherentlybestcontrolstructure
(with the bestself-regulatingandself-optimizingproperty). However, he did not really definetheterm,
andalsothe nameis unfortunatesince“eigenstructure’hasa anotherunrelatedmathematicameaning
in termsof eigewvalues. Apart from this, Luybenandcoworkers (e.g. Luyben(1975),Yi andLuyben
(1995))have studiedunconstrainegroblems andsomeof the examplegresenteghointin thedirection
of the selectiormethodgresentedh this paper However, Luybenproposedo selectcontrolledoutputs
which minimizesthe steady-statsensitve of the manipulatedrariable(u) to disturbances,e. to select
controlledoutputs(c) suchthat (0u/dd). is small, whereaswe really want to minimize the steady-
statesensitvity of the economicloss(L) to disturbancesi.e. to selectcontrolledoutputs(c) suchthat
(0L/dd). is small.

Fisheretal. (1988)discussselectiorof controlledvariablesmainly focusedowardsactive constraint
control. However, someavhathiddenin theirHDA example(p. 614)onefindsstatementaboutselecting
controlledvariableswhich optimal valuesare insensitve to disturbancegrequirementl for variable
selectionpresentedn this paper).

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

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 proceduregor selecting
controlledvariables.

Mizoguchietal. (1995)andMarlin andHrymak (1997) stressthe needto find a goodway of im-
plementingthe optimal solutionin termshow the control systemshouldrespondo disturbances;i.e.
the key constraintsto remainactive, variablesto be maximizedor minimized, priority for adjusting
manipulatedvariables,andsoforth” They suggesthatanissuefor improvementin todays real-time
optimizationsystemss to selectthe control systemthat yields the highestprofit for a rangeof distur
bancedhat occurbetweeneachexecutionof the optimization. This is similar to the ideaspresentedn
this paper

Finally, Zhengetal. (1999)present procedurdor selectingcontrolledvariablesbasedneconomic
penaltieghatis similarto theapproactpresentedh this papenapparentlythework hasbeenperformed
independently)but they do not considetheimplementatiorerror. Theprocedures appliedto areactor
separateregycle system.

In summaryit is clearthatmary authorshave beenawareof theimportanceof theideaspresentedh
this paper The maincontritution of the presenpaperis to bring the ideastogetherandformulatethem
moreclearly to includetheimplementatiorerrorin theanalysisandto presensomegoodcasestudies.

3 Degrees of freedom for control and optimization

The numberof independenvariablesfor control, N, is usually easily obtainedfrom processnsight
asthe numberof variablesthat canbe manipulatedy externalmeanswhich in processontrolis the



numberof numberof adjustablevalves plus the numberof otheradjustableslectricaland mechanical
variables).
Thenumberof deggreesatfreedomfor optimization(ZV,,) is generallylessthanthe numberof control
degreesof freedom(V,,,). We have
Ny = Ny — No (1)

whereNy = Np,0 + Ny is thenumberof variableswith no effect onthe costfunctionJ.
N0 - numberof manipulatednputs(u’s), or combinationghereof,with no effectonthe J.
Nyo - numberof controlledoutputvariableswith no effecton J.

In mostcases/ depend®nthesteady-statenly, andN,o usuallyequalghenumberof liquid levelswith
no steady-stateffect (includingmostbuffer tanklevels). However, notethatsomeliquid levelsdo have
a steady-stateffect, suchasthe level in a non-equilibriumliquid phasereactoy andlevels associated
with adjustableheattransferareas.Also, we shouldnotincludein N, ary liquid holdupsthatareleft
uncontrolled suchasinternalstageholdupsin distillation columns.

A simpleexamplewhereN,,,o is non-zeras aheatexchangewith bypassonbothsides(i.e. N, =
2). However, at steady-statéV,, = 1 sincethereis really only one operationaldegree of freedom,
namelythe heattransferrate Q (which at steady-statenay be achieved by mary combinationsof the
two bypasses)ysowe have N,;,o = 1.

Remarkon designdegreesof freedom.In this paperwe areconcernedvith opemational degreesof
freedom.Thedesigndegreesof freedom(whichis notaconcernin this paper)includeall theoperational
degreesof freedomplusall parameterselatedto the sizeof theequipmentsuchasthe numberof stages
in columnsectionsareaof heatexchangersetc.

4 Optimal operation and itsimplementation

Whencontrollinga chemicalplantour first concernis to stabilizethe plantandkeepits operationwithin
given constraints. Theseissuesmay consumesomedegreesof freedom(e.g. to stabilizelevels with
no steady-stateffect andto satisfy“active” productspecifications)put therewill generallybe mary
degreesof freedomu left. Whatshouldthesebe usedfor?

Loosely speaking,they shouldbe usedto “optimize the operation”. Theremay be mary issues
involved, andto tradethemoff againsteachotherin a systemationannemwe usually quantify a scalar
performance(cost) index J which should be minimized. In mary casesthis index is an economic
measuree.g.the operationcost. For example,J couldbe of theform

7= D) = [ ot @)
0

whereu arethe degreesof freedomfor optimization,d aretime-varyingdisturbancesand is thetotal
operationtime.

In thispapemwewill for simplicity usesteady-statenodelsandtheintegrationin (2) maybereplaced
by time-areragingover thevarioussteady-states he mainjustificationfor usinga steady-statanalysis
is that the economicperformances primarily determinedby steady-stateonsiderations.The effect
of the dynamiccontrol performancecanbe partly includedin the economicanalysisby introducinga
controlerrortermasanadditionaldisturbance.

Remark Althoughwe usea steady-statanalysign this papeyit maybeextendedo truly unsteady-
state-processetike during a gradetransitionor for a batchprocessby usinga dynamicmodeland
letting the setpoints:; be precomputedrajectoriesasafunctionof time or of statevariables.



4.1 Theoptimization problem

Theoptimizingcontrolproblemcanbe formulatedas

min Jy (u, d) 3)

subjectto theinequalityconstraints
9(u,d) <0 4)

wherewu arethe N,, independenvariableswe canaffect (degreesof freedom),andd areindependent
variableswe cannot affect (disturbances)Herethe constraintdor instancemay be

e productspecificationge.g. minimumpurity)
e manipulatediariableconstraintge.g. nonzerdflow)
e otheroperationalimitations(e.g. maximumtemperature)

Conflicting constraintamay resultin a problemwithout a feasiblesolution. For example,if we malke
a productby blendingtwo streamghenwe cannotachiere a productspecificationoutsidethe rangeof
feedcompositions.

Remark. We have assumedhat all dependen{state)variablesz have beeneliminatedsuchthat
the costfunction and constraintsarein termsof the independenvariablesu andd. However, in some
casedt is more corvenientto keepthe statevariablesz andcorrespondingnodelequationgequality
constraintspndformulatethe optimizationproblemas

IILian(.’II,'U,,d) (5)
subjectto the constraints

g1(z,u,d) =0 (6)

92($7 u, d) S 0 (7)

4.2 Implementing the optimal solution

Therearetwo mainissuesvhenit comesto optimizing control. Thefirst is the mathematicabndnu-
mericalproblemof solving the optimizationproblemin (3) to obtainthe optimal operatingpoint. The
optimization problemmay be very large, with hundredsof thousandsf equationsand hundredsof
degreesof freedom(e.g. for a completeethyleneplant), but with todayscomputersand optimization
methodghis problemis sohable,andit is indeedsolvedroutinelytodayin someplants.The seconds-
sue thefocusof this paperis how theoptimalsolutionshouldbeimplementedn practice.Surprisingly
thisissuehasreceived muchlessattention.

To betterunderstandheissuesconsidethethreealternatve structuregor optimizingcontrolshavn
in Figure4:

(&) Open-loopmplementation.
(b) Closed-loogmplementatiorwith a separateontrollayer.
(c) Integratedoptimizationandcontrol.

In thefiguretheblock “process’denoteghe processasseenfrom the optimizationlayer, soit may
actuallybe a partially controlledplantwhich includes for example,stabilizinglevel loops. This means
thatthe independentariablesu for the optimizationmay include someof the “original” manipulated
variableg(m) aswell asthesetpointausedin the lower-layer controllers.

If therewere no unmeasuredlisturbancesl! thenthe threeimplementationsvould give the same
result. The key to understandvhy the threestructurediffer, is thereforeto considerwhat happengo
thedegreesof freedomu in responséo a disturbancel (moregenerallyd mayincludeary uncertainty
includingerrorsin themodelusedfor the optimizationandcontrol).
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(&) Forthe open-loopimplementatiorthereis no feedbackandu remainsunchangedvhenthereis a
disturbancel.

(b) Fortheclosed-loogmplementatiorwith a separateontrollayer, thedisturbancel affectsthe mea-
surement,,,, andthe controlleradjustu sothatc,, returnsapproximatelyto its setpointc;.

(c) Fortheintegratedoptimizationandcontrol,all availablemeasurements (includingc,,) areusedto
identify the disturbanceandupdatethe model,andthendynamicon-line optimizationis usedto
recomputeanew optimalvaluefor u

In generaltheopen-loopmplementatior(a) is notacceptabldecausehereis no attemptto correct
for disturbancesd.

Ontheotherhand thecentralizedmplementationn (c) with asingleoptimizingcontroller although
optimal from a mathematicapoint of view, is not likely to be usedin practice,even with tomorraws
computingpower. Oneimportantreasonis the costof obtaininga dynamicmodel;in the centralized
controllerit is critical thatthismodelis accuratesincethereareno predeterminetinks, andthecontroller
mustrely entirelyonthe modelto take theright action.

Thereforejn practice we usethe closed-loopmplementation(b) wherewe decomposéhe control
systeminto separatgartsandlayers.In thesimplestcaseshavn in Figure4b we mayhave two layers:

e A steady-stateptimizationlayerwhich computeghe optimalsetpoints, for the controlledvari-
ablesand

e A feedbaclkcontrollayerwhichimplementgshe setpointsto getc = c;.

In processcontrol applications the feedbackcontrol layer usually operatescontinuously whereaghe
optimizationlayer (which may be an engineeryecomputesien setpointsc; only quite rarely; maybe
onceanhouror oncea day (whenthe planthassettledio anew steady-state)lheideais thatby locally
controllingtheright variablesc, we cantake careof mostof the disturbancesandthusreducethe need
for continuousreoptimization.This alsoreduceghe needfor modelinformationandtendsto make the
implementatiormorerobust. On the otherhand,it usuallyimpliesa performancdosscomparedo the
“true” optimal (centralized)solution,andthe challengeis to find a “self-optimizing” control structure
(i.e. to find theright controlledvariablesc) for whichthelossL is acceptable.

Comment on active constraint control. In somecaseghereis no performancdosswith thehierar
chicalstructurein Figure4(b) with a separat®ptimizationandcontrollayer. Thisis whenthe optimum
lies at someconstraintsandwe useactiveconstaint contol wherewe choosehe constrained/ariables
asthecontrolledvariablesc (Maarleveld andRijnsdrop1970)(Arkun andStephanopoulo$980)(Fisher
etal. 1988). Thisis a commonsituation,sinceif the processanodelis nottoo non-linearthe optimum
operatingpoint is at the intersectionof asmary constraintsasthereare degreesof freedomfor opti-
mization (Maarleseld and Rijnsdrop1970). However, in mary caseghe constraintamove depending
onthe operatingpoint,anda changen the active constraintsnay requirereconfiguratiorof the control
loops. To avoid suchanoften complicatedogic systemwe may usein the lower layera multivariable
controllerthatexplicitly handlesconstraints.In particular modelpredictve control (MPC), which has
gainedwidespreadisein industryoverthelast20years providesa simpleandefficient tool for tracking
active constraints.

4.3 Introductory example

To give the readersomeappreciationof the issues,we considera distillation plant wherethe plant
economicsaaremainly determinedy its steady-statbehaior. With a givenfeed(including givenfeed
rate) and a specifiedcolumn pressuré, a corventional two-productdistillation column, as shavn in

2If columnpressurds free we often find that the optimal choiceis to have maximumcooling correspondingo minimum
pressurd“floating pressurecontrol” assuggestedby Shinsley (1984)). Thereasonis thatin mostcasegherelative volatility is
improvedwhenpressures lowered.
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Figure5, hastwo degreesof freedomat steadystate(NV,, = 2). (Fromacontrolpointof view thecolumn
hasN,, = 5 degreesof freedom,but two degreesof freedomare neededo stabilizethe reboilerand
condenseholdups,which have no steady-stateffect, andonedegreeof freedomis usedto controlthe
pressuratits givenvalue). Thetwo steady-statdegreesof freedom,e.g. selectedo bethevaporflow
(boilup) V' andthedistillate flow D,
v
”‘(D)

(thisis not a uniquechoice)may be usedto optimizethe operationof the plant. However the question
is: How shouldthe optimal solutionbe implementedthatis, which two variablesc shouldbe specified
andcontrolledduringoperation?

To answetthis questionin a quantitatve mannerwe needto definethe constraintdor the operation
andthecostfunction J to beminimized.

Constaints. We assuméhatthe mole fractionof light componentn the distillate productz p must
beaboe 0.95,2p > zp min = 0.95, andthatto avoid floodingthe capacityof the columnis limited by
amaximumallowedvaporload,V < V,4z.

Costfunction Ratherthan minimizing the cost.J, it is more naturalin this caseto maximizethe
profit P = —J, whichis theproductvalueminusthefeedcostsandtheoperationalenegy) costswhich
areproportionalto thevaporflow V,

P=ppD+pgB —prF —pyV (8)

Constainedopenation. Let usfirst considera casewhere
e distillateis the morevaluableproduct(pp > pg)
e enepy costsarelow (py is small)

In this case|t is optimalto operatethe columnat maximumload (to reducethelossof light component
in the bottom) and with the distillate compositionat its specification(to maximizedistillate flow by
includingasmuchheary componentispossibleGordon1986),i.e.

Vopt = Vimaz; ITD,opt = TD,min = 0.95

Thus,theoptimumlies at constraintandimplementations obvious: We shouldselectthe vaporrate V'
andthedistillate compositionz , asthe controlledvariables,

=(2)r o= ()
D I D,min

In practice,we may implementthis using a lower-level feedbackcontrol systemwherewe adjustthe
boilup V to keepthe pressuralropoverthecolumn(anindicatorof flooding,i.e. V,,4.) belov a certain
limit, and adjustthe reflux L (or someotherflow, dependingon how the level and pressurecontrol
systemis configured)sothatz p is keptconstant.

Unconstainedopemation. Next, considera casewhere

e bottomsproductis the morevaluableproduct(pp > pp)
e enegy costsarerelatively high (thetermpy V' contributessignificantlyto J)
In this casethe optimummay be unconstrainedh bothvariables andassumedor the discussiorthat

Vopt = 0.76Vnaz; TD,opt = 0.973 > T D,min

Implementationn this cases not obvious. Somecandidatesetsof controlledvariablesare

o= ()= (B ()= (2o (45)
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andtherearemary others.Controlledvariablesc; andcs will yield a“two-point” controlsystemwhere
we closetwo loopsfor quality control; c3 yields a “one-point” control systemwhereonly one quality
loopis closed;whereas:, andcs are“open-loop” policieswhich requireno additionalfeedbackoops
(exceptfor thelevel andpressurdoopsalreadymentioned) All of thesechoicesof controlledvariables
will have differentself-optimizingcontrolproperties.

At the endof the paper we studyanotherdistillation example,wherethe optimumis constrainedn
onevariableandunconstraineéh the other We alsoconsiderthe casewherethefeedrateis a degreeof
freedomfor the optimization.

5 Sdection of controlled variables

In this sectionwe presenbour procedurdor selectingcontrolledvariables but let usfirst formulatethe
problemabit clearer

5.1 Problem formulation

Let the “baseset” for the N,, available degreesof freedombe denotedu (this is not a uniqueset),and
let d denotethe (important)disturbances.Anothervariableis thena function of thesevariables,for
example,we canwrite for theselectedV,, controlledvariables

Assumingthatthe setof ¢’s areindependentywe canfrom (9) derie theinverserelationship
u = fe(c,d) (10)

wherewe assumethe function f. exists andis unique. For a given disturbanced we can solwe the
optimizationproblem(3) with constraintg4), andif afeasiblesolutionexists obtainthe optimal value
uopt(d),
min  Jy(u,d) = Ju(uopt(d), d) = Jopt(d) (12)
9(u,d)<0
However, in actualoperatiorthevalueof « will differ from thetheoptimalvalueu,y (d), andthisresults
in aloss® L betweerthe actualoperatingcostsandthe optimaloperatingcosts,

L = Ly(u,d) = Jy(u,d) — Jopt(d) (12)

The magnitudeof the losswill dependon the control stratgy usedfor adjustingu during operation,
andto understandhis betterconsiderthe “open-loop” and“closed-loop” stratgjies. Let d* denotethe
nominalvalueof the disturbancdor which the optimizationwasperformed,andlet d denoteits actual
value(duringoperation).In this papemwe usefor simplicity the nominaloptimalvaluesassetpointsj.e.

Us = Uopt (d*); Cs = Copt (d*)

¢ In the“open-loop”stratgy we attemptto keepu constanttits setpointus (morepreciselyu =
us + dy, Whered,, is theimplementatiorerrorfor u)

e In the“closed-loop”stratgy we adjustu = f.(c, d) in afeedbackfashionin anattemptto keepc
constanatits setpointc; (morepreciselyc = ¢s + d., whered, is theimplementatiorerrorfor c)

31t is not really necessaryo introducethe lossfunction,andwe may insteadwork directly with the actualcost.J. However,
thelossprovidesa better“absolutescale”on which to judgewhethera givensetof controlledvariablesc is “good enough”,and
thusis self-optimizing.
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Theopen-looppolicy is oftenpoor; both becausehe optimalinput uept (d) dependstronglyon the
disturbancdsoit is nota goodpolicy to keepus constant)andbecauseve arenotableto implementu
accuratelysotheimplementatiorerrord, is large).

The questionwe wantto answelris therefore:Whatis bestchoicefor the N, contolled variablesc
to usein theclosed-loompolicy? If we allow for combinationof measurementshenthereareinfinitely
mary choicesNotethatthe open-looppolicy is includedasthe specialcasec = .

We now presentthreeapproachedor selectingcontrolledvariables. We first considerthe error,
u — uopt (d), andbasedon this proposefour requirementf the controlledvariable. We next consider
a relatedmethodbasedon maxmizingthe minimum singularvalue. We then considera more exact
stepwiseprocedureébasedbn explicitly evaluatingtheloss.

5.2 Requirementsfor controlled variables

Consideranclosed-loopgmplementatiorwherewe attemptto keepc constantatthe valuec,. With this
implementatiorthe operatiormaybenon-optimal(with a positve loss)dueto the presencef a setpoint
errorandanimplementatiorerror.

1. The setpointerror, e, = ¢, — copt(d), is the differencebetweerthe setpointandtruly optimal
value

2. Theimplementatiorerror, d. = ¢ — ¢, is thedifferencebetweerthe actualvalueandthe setpoint.

Thesetwo errorsaregenerallyindependentthe setpointerroris causedy disturbancegchangesn the
operatingpoint), whereaghe implementatiorerroris causedoy measuremengrror and poor control.
Theoverallerrore, = ¢ — copt(d) (Which causes positive loss),is thenthe sumof thetwo,

€c = €cs +d. (13)

Clearly wewante, to besmall. In addition,we wouldlike thatalarge valueof e, resultsin only asmall
valueof the “baseset” errore,, thatis, we wantu to beinsensitve to changesn ¢ (or equivalently we
wantc to besensitve to changesn u).

From this, we canderie the following four requirements for of a good candidate controlled ¢
variable (alsoseeSkogestacandPostlethvaite (1996),page404):

Requirement 1. Its optimalvalueis insensitve to disturbancegsothatthe setpointerrore., is small)

Requirement 2. It is easyto measureand control accurately(so that the implementatiorerror d,. is
small)

Requirement 3. Its valueis sensitve to changesn themanipulatedrariablesu, thatis, thegainfrom
to y is large (sothatevenalarge errorin the controlledvariablec resultsin only a smallerrorin

Requirement 4. For caseswith two or morecontrolledvariables the selectedvariablesshouldnot be
closelycorrelated.

In short, we shouldselectvariablesc for which the variation in optimal valueand implementation
error is smallcompaedto their adjustablerange (the rangec mayreachby varyingu) (Skogestacand
Postlethvaite (1996),page408).

As a minor remarkwe mentionthat Morari et al. (1980)claim that “ideally onetriesto selectc in
suchaway suchthatsomeor all theelementsn ¢ areindependentf thedisturbanced.” Thisstatement
is generallynot true, becauseve needto be ableto detectthe disturbanceshroughthe variablesc.
A betterrequiremenis that the optimal valuesof the elementsn ¢ areinsensitve to disturbancesl
(requirementl).

All four requirementshouldbe satisfied.For example,assumeve have a mixture of threecompo-
nents,andwe have a measurementf the sumof thethreemole fractions,c = z4 + zg + z¢. This
measuremeris always1 andthusindependenof disturbancegsorequirementl is satisfied) but it is
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of coursenot a suitablecontrolledvariablebecausat is alsoinsensitve to the manipulatedvariables
u (SorequiremenB is not satisfied). RequiremenB also eliminatesvariablesthat have an extremum
(maximumor minimum)whenthe costhasits minimum,becaus¢hegainis zerofor suchvariables.

5.3 Minimum singular value

For smallvariationswe mayusealinearizedrelationshipbetweerthe (remaining)unconstrainedegrees
of freedomu andary candidatesetof controlledvariablesc.

c=Gu (14)

Notethatary active constraintshouldbeimplementedi.e. keptconstantpeforeobtainingthe steady-
stategain matrix G. Let ¢(G) denotethe minimum singularvalueof G. If we assumehateachcon-
trolled variablec hasbeenscaledsuchthatthe sumof its optimal rangeandits implementatiorerror
is unity (i.e. |e.] = 1) (this takes careof requirementdsl and2), andthat each“basevariable” v has
beenscaledsuchthata unit changehasthe sameeffect on the costfunction ./, thenwe shouldprefer
setsof controlledvariablefor which g (G) is maximized(maximizingthe gaintakescareof requirement
3 andusingthe minimum singularvalue ¢ (G) takes careof requiremen#) This conditionis derived
in SkogestacandPostlethvaite (1996)(page406). The minimum singularvalue canalsobe usedasa
tool for selectingmanipulatednputsvariableg(Morari 1983),but this is actuallyan unrelateccondition
which requiresa differentscalingof the variables.

Let us briefly go throughthe derivation of SkogestadandPostlethvaite (1996). For a givendistur
banced, asecondrderTaylor seriesexpansionof thelossaroundthe optimalvalueu,(d) gives

1 [ 0%
AL = J(u,d) — J(“Opta d) = 5(“ - “0pt) U (u— Uopt) (15)
opt

(wherewe have assumedhatthe problemis unconstrainedn u, sothatthe first-orderterm 8.J/0u is
zero.) Thus,the lossdependson the quantityu — u,,; Which we obviously wantassmallaspossible.
Now, for smalldeviationsfrom the optimal operatingpoint we have thatthe candidateoutputvariables
arerelatedto theindependenvariablesby ¢ — copr = G(u — uopt), OF

U — Uopt = G_I(C - Copt) (16)

Sincewe wantu —u,,; assmallaspossiblejt thereforefollows thatwe shouldselecthesetof controlled
outputse suchthatthe productof G—! andc — ¢,y is assmallaspossible.Thus,from Skogestadand
Postlethvaite (1996)we have thefollowing rule:

Assumewe havescaledead variable ¢ sud that the expectedvariation in ¢ — cp; is of
magnitude 1 (including the effect of both disturbancesand contol error), thenselectthe
contmolled variablesc that minimizethenormof G~1, which in termsof the two-normis the
sameasmaximizingthe minimumsingularvalueof G, g(G).

Interestinglywe notethatthisrule doesnotdependntheactualexpressiorfor theobjective function
J, but it doesenterindirectly throughthe variationof c,,; with d, which entersinto the scaling. Also
notethatin the multivariablecasewe shouldscaletheinputsu suchthatthe Hessian(‘g%) is closeto
unitary; seeSkogestacandPostlethvaite (1996)for details.

The abore requirement®or useof the minimum singularvalue may be very usefulfor identifying
goodcandidatecontrolledvariables However, for amoreexactevaluationoneshouldusethe procedure
describedhext. It is basedon evaluatingthe lossimposedby keepingthe selecteccontrolledvariables

constant.
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54 Stepwise procedure for evaluating theloss

To comparealternatve choicesfor the controlledvariablesc one may directly evaluatethe cost.J (or

equialentlytheloss L which yields moreinformation)for the expectedsetof disturbanced € D, and

expectedsetof implementatior(control)errorsd,. € D.. Self-optimizingcontrolis achievedif onewith

constanwaluesof ¢ (morepreciselyc = ¢; + d.) obtainsanacceptableralueof theloss L.
Thisresultsin thefollowing procedurdor selectingcontrolledvariablesc:

Step 1: Degree of freedom analysis. Determinethe numberof degreesof freedom(XV,,) availablefor
optimization,andidentify a setof basevariables(u) for the degreesof freedom.

Step 2: Cost function and constraints. Definethe optimal operationproblemby formulatinga scalar
costfunction J to be minimizedfor optimal operation andspecifythe constraintdhatneedto be
satisfied.

Step 3: Identify the most important disturbances (uncertainty). Thesemaybe causedy

e Errors(uncertainty)in the assumedgnominal)modelusedin the optimization(includingthe
effect of incorrectvaluesfor the nominaldisturbanced* usedin the optimization)

e Disturbancegd — d*) (including parametechangesjhatoccurafterthe optimization

e Implementatiorerrors(d,) for the controlledvariablesc (e.g. dueto measuremergrror or
poorcontrol)

Fromthis onedefinesthe setof disturbance® andsetof implementatiorerrorsD, to be consid-
ered. Oftenit is afinite setof disturbancecombinationsfor example,consistingof the extreme
valuesfor the individual disturbancesln addition,one mustdeterminehow to evaluatethe mean
costfunction J,,,.q,. Therearemary possibilities for example

1. Averagecostfor afinite setof disturbancegusedin this paper)
2. Meancostfrom Monte-Carloevaluationof a distribution of d andd,..
3. Worst-casdoss

Step 4. Optimization.

1. Firstsolve the nominaloptimizationproblem,thatis, find e (d*). Fromthis mayonealso
obtainatablewith thenominaloptimalvaluesfor all othervariableqincludingthe candidate
controlledvariables).

2. In mostcasequnlessit involvestoo much effort) we then solve the optimizationproblem
for thedisturbancesd in question(definedin step3). Thisis neededo checkwhetherthere
exists a feasiblesolutionup (d) for all disturbances, andto find the optimal cost J,p; =
Ju(uopt, d) Nneededf we wantto evaluatetheloss. It may alsobe usedin step5 to identify
candidatecontrolledvariables.

Step 5. Identify candidate controlled variables. Typically, theseare measurediariablesor simple
combinationghereof. Thefour requirementpresentecetarlierareusefulin identifying goodcan-
didates. For example, basedon the optimizationin step4, one may look for variableswhich
optimalvalueis only weaklydependenof disturbancegrequirement). Thevariableshouldalso
be easyto controlandmeasurgrequiremen®), andit shouldbe sensitve to changesn the ma-
nipulatedinputs(requiremens). If thereis morethanonevariable,thenthe selectedariablesin
the setshouldbe independenfrequirement). Insightandexperiencee.g. into what constitute
the “dominant” processvariables,may alsobe helpful at this stage becauséhe possiblenumber
of variablesandespeciallyvariablecombinationsmay be extremelylarge.

Step 6: Evaluation of loss. Computethe meanvalueof thelossfor alternatve setsof controlledvari-
ablesc. Thisis doneby evaluatingtheloss

Lu(uad) = Ju(uad) - Jopt(d); U = fﬁl(cs + dcad) (17)
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with fixed setpointsc, for the defineddisturbancedl € D andimplementatiorerrorsd, € D..
(Weusuallyselectthesetpointsasthenominaloptimalvalues c; = copt (d*), butit is alsopossible
to let thevalueof ¢; besubjectto anoptimization.)

Step 7: Further analysisand selection. Selectfor furtherconsiderationhe setsof controlledvariables
with acceptabléoss(andwhich thusyield self-optimizingcontrol). Thesecouldthenbeanalyzed
to seeif they areadequatevith respecto othercriteriathatmay berelevant, suchlike the region
of feasibility andthe expecteddynamiccontrol performancdinput-outputcontrollability)

55 Toy example

Considera simple“toy example”with onedegreeof freedomu. The costfunctionto be minimizedis
Ju = (u — d)2. We nominally have d* = 0 andthe expecteddisturbancemagnitudeis |d| < 1. For
this problemwe alwayshave J,,: (d) = 0 correspondindo u,pt(d) = d. We considerthreealternatve
choicedfor the controlledvariable(measurements),

c1=01(u—d); co2=20u; c3=10u—5d

wherethevariableshave beenscaledsuchthat|d.;| = |¢; — ¢si| < 1,7 = 1,2, 3 (i.e. same@mplementa-
tion errorfor all threevariables).Sinceu,p (d) = d, theoptimalvalueof threealternatvesasa function
of thedisturbancere

Cl,opt(d) = 0; C2,0pt(d) = 20d; C3,0pt = 5d

Nominally d* = 0 andc; 4t (d*) = 0, sowe selectin all threecases:;; = 0,i = 1,2, 3.
Let usfirst evaluatehow the threecandidatevariablesmeetthe above requirementgor controlled
variables.

1. Its optimalvalueis insensitiveto disturbances Fromthis point of view, the preferredcontrolled
variableis c¢; (zerosensitvity), followedby c3 (sensitvity 5) andce (sensitvity 20).

2. It is easyto contol accuately Thereis nodifferenceheresincetheimplementatiorerrord, is the
samefor thethreevariables.

3. Its valueis sensitiveto changesin u. Thisfavorscs (gain20), followed by ¢3 (gain10), whereas
variablec; (gain0.1)is very poorin thisrespect.

In summaryit is not clearfrom theserequirementsvhich controlledvariableis the best.

Let us next considerthe minimum singularvaluerule. For the scalarcasethe minimum singular
valueis simply the absolutevalueof thegain G from w to ¢, sowe prefercontrolledvariablesfor which
thevalueof |G| is large. We mustfirst scalethe variablesproperly For ¢; the “unscaled’gainis 0.1,
andthe scalingfactoris |¢; — ¢1,0pt] = 1 + 0 = 1 (thecontrolerroris 1 plusthe variationin ci op:(d)
dueto disturbancesvhichis 0), sothescaledgainis G1 = 0.1/|c1 — c1,0pt| = 0.1/1 = 0.1. Similarly,
G2 = 20/|ca — c2,0pt| = 20/|1+20| = 0.95, andG3 = 10/|c3 — ¢3,0pt| = 10/|1 4+ 5| = 1.67. Thus,the
singularvaluerule saysthatcs is the bestchoice(largestgain), quite closelyfollowed by cs, whereas:;
is theworst(smallestgain).

Let us finally evaluatethe losses(the more exact method). For this simple examplethey canbe
evaluatedanalytically andwe find for thethreealternatves

Ly = (10d.1)?%; Ly = (0.05dey — d)?; L3 = (0.1d3 — 0.5d)*

(For example for c3 we have u = (c3 + 5d) /10 andwith c3 = ¢35 + de3 = d.3 wegetJ, = (u—d)? =
(0.1d.3 + 0.5d — d)?). With |d| = 1 and|d,| = 1 theworst-casevaluesof thelossesare

Ly =100; Lo =1.05>=1.1025; L3 =0.6%>=0.36

In accordancavith the singularvaluerule, we find that outputcs is the bestoverall choice for self-
optimizingcontmol (with the smallestioss),andc; is theworst. Note thatwith no implementatiorerror
(d. = 0) ¢; would bethe best,andwith no disturbancéd = 0) ¢; would bethebest.
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6 Reactor example

We hereillustratethe stepwiseprocedurdor selectingcontrolledvariableswith a simpleexamplethat
caneasilybereproducedy thereader Considera continuouslystirredtank reactorlCSTR)wheretwo
irreversiblefirst-orderreactiongake place

A— B; rAa=kazyp [S_l]
B—C; rg=kpzp [S_l]

ComponenB is thedesiredproductandits concentratiorasa function of theresidencdime hasa peak
value,atwhich we wantto operatehereactor

Model. Let z; andz; denotemolefractionsof componenti in thefeedandreactoy respectiely, and
let F' [mol/s] bethe feedrateand M [mol] thereactorholdup. Thereareonly threecomponentsA, B
andC, andsteady-statenaterialbalanceyield

A — xAF — kpxaM =0
z2pF —xpF + kaxaM — kpzpM =0
zoc=1—xz4—2xB
Thefeedcontainsonly component#\ andC,i.e. zc = 1 — z4. We considetthefollowing nominaldata:

24 =0.8; kg =1s"% kp = 1s7'; F = 1lmol/s

Step 1: Degree of freedom analysis

With agivenfeedrateandfeedcompositiorthereactorhasonedegreeof freedomat steady-stateyhich
may be selectedasthereactorholdup,i.e

u=M [mol

Thevalueof M shouldbeadjustedo optimizethe operation.

Step 2: Cost function and constraints

In this examplecomponentB is the desiredproductandthe objective is to maximizethe concentration
of B, i.e. we choosehe costfunction
J=-100"-zp

(in mostcasesve would regycle unreacted\, but thisis notthe casen this example).We wouldlike to
find a controlledvariablewhich resultsin ameanlossof lessthan0.5whentherearedisturbances.
Thereareno extra constraintsexceptfor physicalconstraintsuchas0 < M < oc.

Step 3: Disturbances

Wewill considerthefollowing disturbanceserrors):
e d;: Feedratereduceddy 30%
e dy: Feedfractionof A reducedrom 0.8t0 0.6
e d3: Feedfractionof A increasedrom 0.8t0 10.0
e d4: Rateconstant:4 increasedy 50%
e ds5: Rateconstant g increasedy 50%
e d.: Implementatiorerrorfor thecontrolledvariable,e.g.,dueto measuremergrror: seestep5.

Themeanlossis herechoserasthe averageof the lossresultingfrom eachof thesesix disturbances
(oneatatime).
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Step 4: Optimization

For mary reactorst is optimalto operatenith maximumholdup M, for example,thiswould bethecase
if theobjectve wereto maximizethe productionor concentratiorof componenC. However, in ourcase
we wantto maximizethe concentratiorof intermediatgoroductB which goesthrougha maximumas
we increaseheholdup M (seeFigure 6 which shavs the costfunction J = —100xp asa function of
M).

Fromthe abore model,we find thatthe optimalholdupandcorrespondingptimal compositionsn
thenominalcaseare:

Nominal optimum : M = 1.0mol; z4 =0.4,zp =0.2,2¢ =04

correspondingo J = —100zp = —20. Whentherearedisturbancesthe optimal valueschangeas
givenin Table1l.

Step 5: Candidate controlled variables

As mentionedthe reactorhasone steady-statelegreeof freedomduring operation. How shouldthis
degreeof freedombe sset,i.e., which variableshouldbe keptconstant?T'he following candidatesor the
controlledvariablec aresuggested

e ¢; = M (holdup)
e ¢y = M/F (residencdime)

® C3=1T4
® cy=1B
® 5 =IC

® g =2p/TA

e c7 =01 =z + 2xp + 3zc (apropertyvariable)

e cg =0y =14+ 3zp + 2z¢c (apropertyvariable)

Alternatives1 and2 areopen-looppolicies(with feedforward actionfrom F' for ¢;), whereaghe other
arefeedbackpolicies. Theseare essentiallythe available measurementi the reactor The property
variablesin alternatves 7 and8 may represent boiling temperaturea viscosity a refractionindex or
similar. We selectthe setpointfor eachvariableasits nominally optimalvalue.

We needto identify theimplementatiorerrord, for eachof the candidatecontrolledvariables.As-
sumingthattheimplementatiorerroris mainly to dueto measuremergrrorsandthatthe measurement
erroris 10%for M andF', and5% for the molefractions,we usethefollowing valuesfor d.:

e M:10%

o M/F:20%

e 14,z andzqc: 5%
za/xp: 10%

6, and@,: 0.1unit (about5%)

Which controlledvariableis preferred? It seemsclearthatit will be betterto keep M /F rather
than M constantbecausehe optimal residenceime M/ F' is independenbf the feedrate, whereas
the optimal value of the holdup M clearly dependson the feedrate. It is alsoratherobvious that a
policy basedon keepingz g constanis mostlikely to fail, because: g goesthrougha maximumaswe
increaseV, andif we specifyavalueof z g above thismaximum,thenoperatioris infeasible.However,
otherwiset is notatall clear evenin this simplecasewhatthe bestchoiceof the controlledvariableis.
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Figure5: Typical distillation columncontrolledwith the LV -configuration
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Figure6: Reactorcasestudy: Costfunction J asafunctionof holdup M
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Step 6: Evaluation of loss

To comparethe alternatves, we computethe loss L = J — J,,; With eachof the candidatevariables
keptconstanatits nominaloptimalvalue. Theresultsaregivenin Table2 for the 8 candidatevariables
andthe 6 disturbancesDisturbanced,. representshe implementatiorerrorandthe lossin this caseis
evaluatedwith ¢ = ¢5 + d.. For example,for co = M/F we have cos = 1.0 andd, = 0.2-1.0 = 0.2
(20%error)andfixing M/F = 1.0+ 0.2 = 1.2 (ratherthanthe optimalvalueof 1.0) resultsin alossof
0.17(seeTable2).

We seefrom Table2 thatthe lossis quite small( to the acceptablevalue of 0.5) in mostcaseshut
in somecaseghereis no feasiblesolution (marked asinf. in the table). As expected this is the case
if we specifyzp = 0.2 asthisis higherthanthe maximumachiezable. But notethatinfeasibility may
occurfor mostchoicesof controlledvariablesf the disturbances suficiently large. For example,if we
specifyz 4, = 0.4 thenwe would obviously getinfeasibility whenz4 < 0.4. Notethatthereis usually
no“warning”, in termsof a large valueof theloss,aswe approachinfeasibility

For this specificexample theimplementatiorerrorturnsoutto belessimportant.However, in mary
casest maybea critical factorwhich eliminatesotherwisegoodcandidatecontrolledvariables.

Step 7: Selection of controlled variable

Most engineersvould probablyattemptto controlsomecompositionif suchmeasurementsereavail-
able,andindeedwe find thatkeepingthevariablecs = zp /x4 at0.5is theidealchoicewhenthereare
disturbance$n z4 (seeTablel). However, keepingzp/z4 = 0.5 resultsin ratherlarge losseswhen
therearedisturbance therateconstantstesultingin anaveragelossof 0.74(largerthanour desired
valueof 0.5). Keepingz 4 = 0.40 givesalargelosswhenz, changesbhut thelossis smallerfor other
disturbancesso the averagelossis 0.52 (just above the acceptable) As expected keepingzp = 0.2
resultsin infeasibility in somecasesandalsokeepingzc = 0.4 resultsin infeasibility whenzy4 is too
low. Keepingf, constangivesa large losswhenthereis a disturbancen z4, wheread), is someavhat
sensitve to implementatiorerrors.In summaryfrom Table2 we seethatnoneof the compositionmea-
surement$z 4, B, zc, LB /% 4) OF propertymeasurement®;, 6;) resultin anacceptableverageloss
of 0.50r less.

Somavhatsurprisingly the “open-loop” policy wherewe keepthe holdup M = 1.0 resultsin very
smalllossedor all disturbancesgxceptwhenthereis a disturbancen the feedrate F' wherethelossis
0.6. Thesensitvity to feedratedisturbancess eliminatedif we include“feedforward” actionfrom the
feedrate F' andinsteadkeeptheresidenceaime M/ F constantput thereis a penaltyin termsof alarger
implementatiorerror. In conclusionthe simplestandbeststrateyy for the exampleis to keepconstant
theholdup M (averageloss0.18)or theresidenceime M/ F' (averageloss0.10).

Of coursealsootherconsiderationssuchasthe costof instrumentatiormndcontrollability (dynamic
performanceshouldbe consideredvhenmakingthe final choice. Fortunately the “open-loop” policy
of keepingc; = M constantis goodin this respectasit involves only a simplelevel control system
with no expectedcontrol problemsbesideghe implementationimeasuremengrrorwhich wasalready
includedin theanalysis.

Another case: No C in feed

Above we assumedhat the feed containedcomponentsA and C, but considernext a different case
wherethe feed containscomponentB ratherthan componentC. Otherwiseall the datais the same.
Variablez 4 herereplacescp/x 4 astheideal variablewith respecto disturbancesn z4 (this canbe
provenanalytically),andkeepingz 4 constanalsoyieldssmalllossesvhenthereareotherdisturbances.
Therefore,n this casethe lossis smallest(0.18)whenz 4 is constantjt is 0.20with 6, constant0.32
with z¢ constant;0.81 with M/F constant;0.89 with A constant;1.09 with 6, constant;whereas
keepingzp constanbr zg /x4 constantesultsin infeasibility (Skogestadet al. 1999). Thuswe find,
somavhatsurprisingly thatthe rankingis almostreversedcomparedo thatfoundwith C in thefeed.
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Disturbance
Nominal
dy : F=0.7
d2 L Z2A = 0.6
d3 IRZA = 1.0
d4 B k,‘A =15
d5 : kB =1.5

d. : impl. error

Average loss
Ranking

J

Disturbance

Nominal —20.00
di : F=0.7 —20.00
ds : 24 =0.6 —15.00
ds :z24=1.0 =25.00
de :ka=1.5 —-24.24
ds : kg =15 -16.16

M

1.00
0.70
1.00
1.00
0.82
0.82

M
F

1.00
1.00
1.00
1.00
0.82
0.82

TA

0.40
0.40
0.30
0.50
0.36
0.44

B

0.20
0.20
0.15
0.25
0.24
0.16

Tc

0.40
0.40
0.55
0.25
0.40
0.40

g,
0.50
0.50
0.50
0.50
0.67
0.37

2.00
2.00
2.25
1.75
2.04
1.96

Tablel: Optimalvaluesfor reactorcasestudy

Loss with Loss with Loss with Loss with Loss with Loss with Loss with Loss with
6=20 6,=1.80

M=10 %¥=10

0 0
0.62 0
0.00 0.00
0.00 0.00
0.24 0.24
0.16 0.16
0.05 0.17
0.18 0.10

2 1

A= 0.4 rp = 0.2

0 0

0 0
1.67 inf.
1.00 5.00
0.24 4.24
0.16 inf.
0.05 inf.
0.52 inf.

3 8

zc =04

0
0

15.0*
1.75

0
0

0.05

2.80*

7

inf. denotesnfeasibleoperation
* At thelimit to infeasibility (M /F = 0) for z4=0.6.
Impl.error: M = 1.1, M/F = 12,24 = 042,25 = 0.21,2c = 0.42,25/x4 = 0.55,0; =2.1,6, = 1.9

8 = (.5

rA

0

0

0

0
1.39

2.83
0.20

0.74
)

Table2: Lossfor reactorcasestudy
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1.80
1.80
1.85
1.75
1.88
1.72

0
0
3.35
1.39
0.06
0.04
0.29

0.86
6

0
0
0.36
0.28
0.82
0.72
1.72

0.65
4



Conclusion

We have consideredalternatve controlledvariablesfor a reactorcasestudy In onecase(with C in

feed)the residencdime wasthe bestcontrolledvariable,whereasn anothercase(no C in feed)the
concentratiof componeni wasthebestchoice.lt is noteasyto explain physicallywhy theparticular
variablesarepreferredin the two cases.This shaws thatit may be difficult to rely on physicalinsight,
e.g. about“dominant” variables whenselectingcontrolledvariables.Instead,oneshouldevaluatethe
(economic)performanceof the plant, to seewhich choiceof controlledvariable keepsthe operation
closestio the optimalwhentherearedisturbances.

7 Digtillation case study

We considera binary mixture with constantelative volatility o« = 1.12 to be separatedh a distillation
columnwith 110 theoreticalstagesandthe feed enteringat stage39 (countedfrom the bottom with
thereboilerasstagel). Nominally, the feed contains65 mole% of light componeni{zr = 0.65) and
is saturatediquid (g = 1.0). Thisis “column D” of Skogestadand Morari (1988) and represents
a propylene-propanesplitter where propylene (light component)s taken overheadas a final product
with at least99.5%purity (zp > 0.95), whereasunreactegropane(heary component)s regycled to
thereactorfor reprocessingWe assumehereis no capacitylimit in the column. (We will later study
separatelythe casewhereV < V.. = 10 kmol/min andthe implicationsthis hason the operationof
thecolumn.)

Step 1: Degree of freedom analysis

As mentionedn theintroductoryexample,for agivenfeedratethe columnhastwo operationablegrees
of freedomat steadystate. Thesemayfor instancebe selectecasthevaporanddistillate flows,

“=(p)

Ideally, theoptimaloperatiorof thecolumnshouldfollow from consideringheoverall planteconomics.
However, to be ableto analyzethe column separatelywe introducespricesfor all streamsentering
andexiting the columnand considerthe following profit function P which shouldbe maximized(i.e.
J=-P)

Step 2: Cost function and constraints

P =ppD +ppB —pprF —pyV (18)

We usethefollowing prices[$/kmol]
PD = 20, PB = 10 — 201‘3, Pr = 10, Pv = 0.1

Thepricepy = 0.1 [$/kmol] on boilup includesthe costsfor heatingand coolingwhich bothincrease
proportionallywith the boilup V. The price for the feedis pr = 10 [$/kmol], but its value hasno

significanceon the optimal operationfor the casewith a given feedrate. The price for the distillate

productis 20 [$/kmol], andits purity specificatioris

zp > 0.995

Thereis no purity specificatioronthe bottomsproduct but we notethatits priceis reducedn proportion
to the amountof light componeni{becausehe unneccessargeprocessingf light componenteduces
the overall capacityof the plant;this dependengcis notreally importantbut it it realistic).

We assumehatthe nominalfeedrateis givenat F' = 1 kmol/min (alternatvely, we couldintroduce
theconstraintF’ < Fy,,, = 1 kmol/min, butit is optimalto have F' = F,,,,, in this case).With F =1
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[kmol/min], the profit value P of the columnis of the order4 [$/min], andwe would like to find a
controlledvariablewhich resultsin aloss L lessthan0.04[$/min] for eachdisturbancecorresponding
to ayearlylossof lessthanabout$20000).

Step 3: Disturbances

We consideffive disturbances:
di: Anincreasean feedrate F' from 1 to 1.3 kmol/min.
dy: A decreasén feedcompositionzg from 0.65to 0.5
dz: An increasean feedcompositionzx from 0.65t0 0.75
dy: A decreasén feedliquid fractiongg from 1.0 (pureliquid) to 0.5 (50% vaporized)
d.: An increaseof the purity of distillate productz , from 0.995(its desiredvalue)to 0.996

Thelatteris a possiblesafetymargin for zp which may take into accountits implementatiorerror In
addition,we will consideimplementatiorerrorsfor the otherselectedcontrolledvariable(seebelow).

Step 4: Optimization

In Table3 we give the optimal operatingpoint for the five disturbancedargerfeedrate(F = 1.3), less
andmorelight componenin thefeed(zr = 0.5 andzr = 0.65), a partly vaporizedfeed(¢r = 0.5),
anda purerdistillate product(zp = 0.996). In addition,we have consideredhe effect of a higherprice
for thedistillate product(pp = 30) andafive timeshigherenegy price (py = 0.5).

As expectedtheoptimalvalueof all thevariabledistedin thetable(zp, zp, D/F,L/F,V/F, P/ F)
arecompletelyinsensitve to the feedrate, sincethe columnshasno capacityconstraintsandthe effi-
cieng is assumedndependentf the columnload.

Step 5: Candidate controlled variables

It is clearthatoneof thecontrolledvariablesshouldbethedistillate compositiony . Thisfollows since
the optimal solutionis always obtainedwhenthe productpurity specificationfor the mostexpensve
productis “active”, i.e. in our casewhenz p = 0.995. We arethenleft with one“unconstrainedtlegree
of freedomwhich we wantto specifyby keepinga controlledvariableat a constanwalue.

From Table 3 we seethat, exceptin the last casewith a much higher enegy price, the optimal
bottom compositionstaysfairly constantaroundzp = 0.04. This indicatesthat a good stratey for
implementatiormay beto controlz g ata constantalueof 0.04. However, thereat leasttwo practical
problemsassociatedvith this choice.First, on-line compositionrmeasurementareoftenunreliableand
expensve. Seconddynamicperformancemay be poorbecauset is generallydifficult to control both
productcompositiong“dual or “two-point” control) dueto stronginteractions.e.g. (Shinsley 1984)
(SkogestacandMorari 1987). Thus,if possible we would like to controlsomeothervariable.

The following six alternatve controlledvariablesare consideredin additionto = which should
alwaysbekeptconstantatits lower limit of 0.995):

zp; D/F; L; L/F; V/F;L/D

We considerimplementationerrors of about20% in all variables,including zp. From Table 3 we
seethat the optimal value of D/F variesconsiderablyso we expectthis to be a poor choicefor the
controlledvariable(asit violatesrequirementl). For the otheralternatves, it is not easyto sayfrom our
requirement®f from physicalinsightwhich variableto prefer We will thereforeavaluatetheloss.
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Step 6: Evaluation of loss

In Table4 we shaw for F' = 1 [Imol/min] thelossL = P, — P [$/min] wheneachof thesix candidate
controlledvariablesare kept constaniat their nominally optimal values. Recallthatwe would like the
lossto belessthan0.04[$/min] for eachdisturbance We have the following commentgo the results
givenin Table4:

1. As expectedwe find thatthelossesaresmallwhenwe keepx g constant.

2. Somevhatsurprisingly for disturbance# feedcompositionzr it is evenbetterto keepL/F or
V/F constant

3. Not surprisingly keepingD/F (or D) constantis not an acceptablepolicy, e.g., operationis
infeasiblewhenzr is reducedrom 0.65t0 0.5.

4. All alternatvesareinsensitve to disturbance# feedenthally (¢r).

5. L/D is not a goodcontrolledvariable,primarily becausets optimal valueis rathersensitve to
feedcompositionchanges.

6. For aimplementatiorerror (overpurification)in zp wherezxp is 0.996ratherthan0.995all the
alternatvesgive anunacceptabléssof about0.09. We concludethatwe shouldtry to controlz p
closeto its specification.

7. Forreflux L andboilup V' oneneedgo include“feedforward” actionfrom F (i.e. keepL/F and
V/F constant).

8. However, useof L/ F or V/F ascontrolledvariabless rathersensitve to implementatiorerrors.

9. Othercontrolledvariableshave alsobeenconsidereqnotshavnin Table). For example aconstant
composition(temperaturepn stagel9 (towardsthe bottom), z19 = 0.20, givesa lossof 0.064
whenzg is reducedo 0.5, but otherwisethelossesaresimilar to thosewith g constant.

10. We have not computedthe effect of changedn pricesin Table 4, becausghesedo not effect
columnbehaior, soall alternatvesbehae the same(with the sameloss). Thus,if thereareprice
changesthenonemustrecomputenew optimalvaluesfor thevariables.

Step 7: Selection of controlled variables

FromTable4 thefollowing threecandidatesetsof controlledvariablesyield thelowestlosses

= (2): o= () o= (1)

As mentionedthe “two-point” control structurec; whereboth compositionsarecontrolled,results
in a difficult control problem. The losswill thenbe larger thanindicated,andit is probablybetterto
keepL/F or V/F constant.Sinceit is usuallysimplerto keepa liquid flow L/F ratherthana vapor
flow V/F constan{lessimplementatiorerror),we concludeasfollows:

Proposedcontol system.

e Visused tokeepzp = 0.995.
e L/F = 15.07 is keptconstant.
Alternativecontiol system.

e [ isusedto keepzp = 0.995.
e V/F =15.70 is keptconstant.

Remark If it turnsoutto bedifficult to keepL/F' (or V/ F') constantthenwe may consideringusing
L (or V) to keepatemperatureéowardsthe bottomof the columnconstant.

4Thereareotherpossiblechoicesfor controllingzp, e.g. we could usethe distillate flow D. However, V hasamoredirect
effect.
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Tp zg D/F LJF V/F L/D PJF
Disturbance
Nominal 0.995 0.040 0.639 15.065 15.704 23.57 4.528
F=13 0.995 0.040 0.639 15.065 15.704 23.57 4.528
zrp = 0.5 0.995 0.032 0.486 15.202 15.525 31.28 2.978
zrp=0.75 0995 0.050 0.741 14.543 15.284 19.62 5.620
gr = 0.5 0.995 0.040 0.639 15.133 15.272 23.68 4.571
xp =0.996 0.996 0.042 0.637 15.594 16.232 24.47 4.443
pp = 30 0.995 0.035 0.641 15.714 16.355 24.51
py =0.5 0.995 0.138 0.597 11.026 11.623 18.47

Nominalvalues:F = 1,zr = 0.65,qr = 1.0, pp = 20, py = 0.1

Table3: Optimaloperatingpoint (with maximumprofit P/ F’) for distillation casestudy

25 =004 D/F=0639 L=15065 L/F=15065 V/F=15704 L/D =23.57

Disturbance
Nominal 0 0 0 0 0 0
F=13 0 0 0.514 0 0 0
zr = 0.5 0.023 inf. 0.000 0.000 0.001 1.096
zrp = 0.75 0.019 2.530 0.006 0.006 0.004 0.129
gr = 0.5 0.000 0.000 0.001 0.001 0.003 0.000
zp = 0.996 0.086 0.089 0.091 0.091 0.091 0.093
20% impl.error 0.012 inf. 0.119 0.119 0.127 0.130

inf. denotednfeasibleoperation
Nominalvalues:zp = 0.995, zr = 0.65,qr = 1.0
20%impl.error:zp = 0.048, D/F = 0.766, L = 18.08, L/F = 18.08,V/F = 18.85, L/ D = 28.28
Uacceptabldéoss(largerthan0.04)shavn in bold face

Table4: Loss[$/min] for distillation casestudy
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Another case: Column with capacity limitations

Above we assumedhatthe feed rate was given and that the columnhadno capacitylimit. However,
all columnshave a capacitylimit, andthis will obviously affectits operation.To understandhis better
considera columnwith the additionalcapacityconstrainton the vaporflow (boilup),

V < Viaz =10 [kmol /min]

We alsoassumehatthe feedrate F' to the columnis not “given” but rather“available”. This situation
may be handledby introducingthe constraint

F S Fmaz

wherewe will treatthe availablefeedrate F,,,, asa parameterOtherwise the specification@andcost
dataareasabore. For this problemwe thenhave threesteady-stateegreesof freedom(e.g.,F', V and
D) andthreeconstraintgon F', V andzp). Theconstrainton z  is alwaysactive, whereasve find that
the effect of the othertwo constraintslependonthevalueof F,,;.

Letusfirstrecallthecasestudiedabose with nocapacitylimitations,for whichwefound(V/F)qpy =
15.70 (nominally) correspondindgo zp = 0.04. With V.., = 10 this operationis optimal for F <
Vinaz/ (V/F)opt = 10/15.70 = 0.637 [kmol/min]. Is this the largestfeedratewe shouldaccept?No,
somemore carefulthinking revealsthat if we have reachedV = V,,,,,, andarefree to decideon the
feedrate,thenwe shouldtry to optimize P/V (insteadof P/F asdoneabove). With the given col-
umndata,we find that (P/V '),y = 0.331 [$/kmol] is obtainedwhenzp = 0.09, V/F = 12.77 and
L/F = 12.15. Thus,with V;;,., = 10 [kmol/min], the optimal profit is obtainedwith a feedrate of
Fopte = 10/12.77 = 0.783 [kmol/min], whichis thenthe largestfeedratewe shouldaccept.

Let ustry to explain this in words. The distillate is the mostvaluableproduct,soto maximizeits
flow we wantto have it as“unpure” aspossible(this alsosavesenegy), i.e. we keepits purity at the
minimumspecification(zp = 0.995 in our case).To maximizethedistillate flow we alsowantto avoid
putting light componeninto the bottomproduct,sowe wantthe bottomproductas“pure” aspossible.
However, this costsenegy (V'), andwe have thatthe optimumtrade-of in our caseis obtainedfor z g
about0.04. This appliesaslong asthereareno capacitylimitations within the column,but if the vapor
flow V exceedsts maximumvalue,thenwe areforcedto putmorelight componenfi.e. alargerfraction
of thefeed)into the bottomproduct. For casesvherethe bottomproductis worth lessthanthe feed(as
in our case)we will eventuallyloosemoney by forcing morefeedthroughthe columnandthe column
becomes realbottle-neckfor the overall plant(this occursfor zp = 0.09 in our case),

In summarywhenwe introducethe constraintV,,,,, = 10 [kmol/min] andincludethefeedrate F’
asadgyreeof freedom,we have thefollowing threecaseslependingn the availablefeedrate Fi,, ..

1. Low availablefeed rates, Fi,,,; < 0.637 [kmol/min]). Thisis the casewe studiedabose whereit
is optimalto operatethe columnbelaw its vaporcapacitylimit andto keepF = Fj,q.. Thus,the
optimalsolutionis unconstraineih onevariable,andthe nominally optimalvalueof z g is 0.04.

Proposedcontrol system.
e [ isusedto keepzp = 0.995 (active constraint).
e V isadjustedo keepV/F = 15.70 constant
e Fis keptatits maximumavailablevalue F,,, ., (active constraint).

Thisis the“alternative controlsystem”proposedabore, but is choserherebecausave canusethe
samecompositioncontrollerasfor case and3 (belaw).

2. Intermediate available feed rates; 0.637 < Fi,q. < 0.783 [kmol/min]. It is optimalto operate
atmaximumvaporcapacityV = V... = 10 [kmol/min], andto procesasmuchfeedaspossible,
i.e. F = Fpq:- With zp = 0.995 therearethenno remainingdegreesof freedom(i.e. all degrees
of freedomare consumedor “active constraintcontrol”). As Fy,.. is increasedrom 0.637to
0.783,theoptimalvaluez g of increasef$rom 0.04and0.09.

Proposedcontrol system.
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e [ isusedto keepzp = 0.995 (active constraint).
e ViskeptatV,,,, = 10 (active constraint).
e Fis keptatits maximumavailablevalue F,,,, (active constraint).

3. Large available feed rates, F,,,, > 0.783 [kmol/min]). It is optimalto operatethe columnat
maximumvaporcapacityV = V., = 10 [kmol/min], andto maintainacceptabldottompurity
we shouldnot processall the availablefeed,i.e. it is optimalkeepkeepF = 0.783 < Fi,q. (the
nominallyoptimalvalueof x5 is 0.09in this case).In this casethe columnis a bottleneckfor the
overall plantthroughput.

Proposedcontrol system.

e [ isusedto keepzp = 0.995 (active constraint).
o ViskeptatV,,., = 10 (active constraint).

e FisadjustedokeepV/F = 12.77 constan(alternatvely, we maykeepF = 0.783 constant,
but usingV'/ F is betterif thevalueof V,,,,, changes)

Thethreeabove casedor theavailablefeedratecaneasilybeimplementedn asinglecontrolsystem
usingsimplelogic.

In summarythe distillation casestudy shawvs the importanceof selectingthe right controlledvari-
ableswhenimplementinghe optimalsolution,andhow the columnmaylimit themaximumthroughput
of the plant. The analysiswas mostly basedon economicconsiderationgloss), but the bottom com-
positionzp was excludedasa controlledvariable basedon other considerationspamelythe cost of
measuremerandcontrollability.

We note that the implementationerror was not importantin this casestudy but we stressthat it
shouldbe includedin the analysis. For example,the implementatiorerror is the main reasorwhy we
rarely selecttemperaturesearthe columnendsascontrolledvariables(becausehe measuremergrror
is too large comparedo its sensitvity).

8 Discussion

8.1 Region of feasibility

In this paperwe have evaluatedthe (economic)lossfor disturbance®f a given magnitude. Another
importantissueto considelis theregion of feasibility (stability) (Zhengetal. 1999).We could evaluate
feasibility loss definedas the differencebetweenthe disturbanceregion wherefeasibleoperationis
possible(usingthe optimal«) andthe disturbanceegion we canhandlewith constanwaluesof ¢, to be
assmallaspossible.

For example, considera casewherethereis an inequality constrainton an input variable which
optimallyis active only undercertainconditions(disturbances)ut this constrainednputvariableis not
includedasa controlledvariable.Hereonemustbe carefulto avoid infeasibility duringimplementation,
for example theremaybea disturbancesuchthatthe specifiedvalueof the controlledvariablecanonly
beachiezedwith a nonphysicakalueof theinput (e.g.a negative flowrate).

The on-line optimizationis usuallyfor simplicity basedon the nominaldisturbancgd*), andtwo
approacheto avoid infeasibility in sucha caseareto

1. use“back-ofs” for the setpointduringimplementatior{Narravay etal. 1991),or
2. add"safetymagins” to the constraintsluringthe (nominal)optimization

One approachor obtainingthe valuesfor the back-ofs or safetymaigins may be to solve a “robust
optimizationproblem” (Glemmestadl997)) where one considersall possibledisturbances.Thereis
clearlyaneedfor moreresearchn this area.

A third, and betterapproachin termsof minimizing the loss, is to track the active constraint. In
particular modelpredictive controlis very well suitedand much usedfor tracking active constraints.
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However, evenif wetrackactive constaintsye still needio selectheunconstrainedontrolledvariables,
sotheanalysispresentedn this paperis still needed.

8.2 Additional examples

Additionalexamplefor selectingcontrolledvariablesareavailablein anumberof publicationsandPh.D.
thesese.g.

e Ph.D.thesisof Morud (1995),chapter8: CSTRwith chemicalreaction

e Glemmestacttal. (1999)andPh.D.thesisof Glemmestaq1997): Applicationto heatexchanger
networks; specialemphasion feasibility issues.

e Ph.D.thesisof Havre (1998): Applicationto selectionof temperaturdocationin distillation.

e Halvorsenand Skogestad1998)andHalvorsenand Skogestad1999): Applicationto integrated
Petlyukdistillation columns.

The Petlyukdistillation exampleis particularlyinterestingoecausen this casethe choiceof controlled
variablesmakes a big difference(whereashe differencedor the rathersimple examplespresentedn
this paperadmittedlywerequite small).

9 Conclusion

The focusin this paperhasnot beenon finding the optimal operationpolicy, but ratheron how to
implemenit in a simplemanneiin the controlsystem.Theideais to find a setof controlledvariablesc
which, whenkeptat constansetpointsjndirectly leadto nearoptimal operation(with acceptabléoss).
Thisis denoted'self-optimizing” control.

To assisin selectinggoodcandidatesariablesoneshouldlook for variableghatsatisfythefollowing
requirements:

Requirement 1. Its optimalvalueis insensitve to disturbances
Requirement 2. It is easyto measurendcontrolaccurately
Requirement 3. Its valueis sensitve to changesn the manipulatedrariables

Requirement 4. For caseswith two or morecontrolledvariables the selectedvariablesshouldnot be
too closelycorrelated.

In addition, we have presentedh systematigrocedurefor selectingcontrolledvariablesbasedon
evaluatingtheloss J — J,p,; for possibledisturbances.The procedurerequiresa steady-stat@rocess
modelanda cleardefinitionof the costfunction.J to beminimizedduringoperation(obviously, without
sucha costfunction one cannotjudgewhat operationis the best). The procedurevasappliedto three
example;to a simple”toy” example,to a somevhat academicCSTR example,andfinally to a more
realisticdistillation columnexample.

Oneproblemis thatin generalt notis clearoffhandif a self-optimizingstructureexists,andgoing
throughthe variousalternatves, for exampleusingthe given procedurecanbe quite tedious. On the
otherhand,sincethe issueof finding goodcontrolledvariablesis a structural problem,thenwe often
find thata goodstructureobtainedfor a particularcase alsoworkswell on anothersimilar processase
with differentparametewralues. Thus,if we canactuallyfind a self-optimizingstructurefor a process,
thenit is almostlike aninvention(andmay pobablyeven be patented).
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able discussionsvith and contributionsfrom J.C. Morud, B. Glemmestad.J. Halvorsen,K. Havre, T.
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