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1 Introduction

If we considerthe control systemin a chemicalplant, thenwe find that it is structuredhierarchically
into severallayers,eachoperatingonadifferenttimescale.Typically, layersincludeincludescheduling
(weeks),site-wideoptimization(day), local optimization(hour), supervisory/predictive control (min-
utes)andregulatorycontrol(seconds);seeFigure 1. Thetaskin eachlayer, e.g.optimizationor control,
maybeperformedby a computeralgorithmor it maybeperformedmanually(by anoperatoror engi-
neer).Thelayersareinterconnectedthroughthecontrolledvariables.More precisely,
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Figure1: Typical controlhierarchyin achemicalplant.

The controlled variables ( � ) are the (internal) variablesthat link two layersin a control
hierarchy, wherebythe upperlayer computesthe setpoint( ��� ) to be implementedby the
lower layer.

We usuallyassumetime-scale separation which for our purposesimplies that thesetpoints��� can
beassumedto beimmediatelyimplementedby thelayersbelow.

Whichshouldtheseinternalcontrolledvariables� be?Thatis, whatshouldwecontrol?Or to phrase
thequestionin anotherway: Why do we in a chemicalplantselectto controla lot of internalvariables
(e.g.compositions,pressures,temperatures,etc.) for which therearenoeexplicit controlrequirements?

Moregenerally, theissueof selectingcontrolledvariablesis thefirst subtaskin thecontrol structure
design problem(Foss1973);(Morari 1982);(SkogestadandPostlethwaite1996):

1. Selectionof controlled variables� (variableswith setpoints��� )
2. Selectionof manipulatedvariables
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3. Selectionof measurements� (for controlpurposesincludingstabilization)

4. Selectionofacontrol configuration (structureof thecontrollerthatinterconnectsmeasurements/setpoints
andmanipulatedvariables)

5. Selectionof controller type(control law specification,e.g.,PID, decoupler, LQG, etc.).

Eventhoughcontrolengineeringis well developedin termsof providing optimalcontrolalgorithms,it
is clear that mostof the existing theoriesprovide little help whenit comesto makingsuchstructural
decisions.

The methodpresentedin this paperfor selectingcontrolledvariablesfollows the ideasof Morari
et al. (1980), Skogestadand Postlethwaite (1996) and Zhenget al. (1999) and is very simple. The
basisis to definemathematicallythe quality of operationin termsof a scalarcost function � to be
minimized. To achieve truly optimal operationwe would needa perfectmodel, we would needto
measureall disturbances,andwe would needto solve theresultingdynamicoptimizationproblemon-
line. Thisis unrealisticin mostcases,andthequestionis if it is possibleto find asimplerimplementation
which still operatessatisfactorily (with anacceptableloss). More preciely, the loss � is definedasthe
differencebetweenthe actualvalueof the costfunction obtainedwith a specificcontrol stragegy, and
thetruly optimalvalueof thecostfunction, i.e. ���������! #"%$ . Thesimplestoperationwould resultif
wecouldselectcontrolledvariablessuchthatwe obtainedacceptableoperationwith constantsetpoints,
thuseffectively turningthecomplex optimizationprobleminto a simplefeedbackproblemandachieve
“self-optimizingcontrol”:

Self-optimizing control is whenwe canachieve an acceptablelosswith constantsetpoint
valuesfor thecontrolledvariables

(The readeris probablyfamiliar with the term self-regulation,which is whenacceptabledynamic
control performancecan be obtainedwith constantmanipulatedinputs. Self-optimizingcontrol is a
directgeneralizationto thecasewherewecanachieveacceptable(economic)performancewith constant
controlledvariables.)The term“self-optimizing control” is shortanddescriptive, but alsootherterms
have beenusedto describethesameidea,suchas“feedbackoptimizingcontrol” (Morari et al. 1980),
“indirect optimizing control (throughsetpointcontrol)”(HalvorsenandSkogestad1998),and“partial
control”(Arbeletal. 1996).

Inspiredby the work of Findeisenet al. (1980)),Morari et al. (1980)gave a cleardescriptionof
what we heredenoteself-optimizingcontrol, including a procedurefor selectingcontrolledvariables
basedonevaluatingtheloss.However, it seemsthatnobodyfollowedupon their ideas.Onereasonwas
probablythat no goodexamplewasgiven in the paperfor how to choosecontrolledvariablesfor the
unconstrainedcase.

Themainobjective of this paperis to demonstrate,with a few examples,that the issueof selecting
controlledvariablesis very importantand to provide a systematicprocedurefor selectingcontrolled
variables.A discussionof theliteratureis givenat theendof thepaper.

2 Optimization and control

Whencontrollingachemicalplantourfirst concernis to stabilizetheplantandkeeptheoperationwithin
givenconstraints.Theseissuesmayconsumesomedegreesof freedom(e.g. to stabilizelevelswith no
steady-stateeffect andto satisfyexactproductspecifications),but therewill generallybemany degrees
of freedom& left. Whatshouldthesebeusedfor?

Loosely speaking,they shouldbe usedto “optimize the operation”. Theremay be many issues
involved,andto tradethemoff againsteachotherin a systematicmannerwe usuallyquantifya scalar
performance(cost) index � which shouldbe minimized. In many casesthis index is an economic
measure,e.g.theoperationcost.For example, � couldbeof theform�(')&+*-,/.(� 021354 ')&+*-,6.7,98 (1)
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where& aredegreesof freedom,, aretime-varyingdisturbances,and : is thetotal operationtime.
In thispaperwewill for simplicity usesteady-statemodelsandtheintegrationin (1) maybereplaced

by time-averagingover thevarioussteady-states.Themainjustificationfor usingasteady-stateanalysis
is that the economicperformanceis primarily determinedby steady-stateconsiderations.The effect
of the dynamiccontrol performancecanbe partly includedin the economicanalysisby introducinga
controlerrortermasanadditionaldisturbance.

2.1 The optimization problem

Theoptimizingcontrolproblemcanbeformulatedas;=<?>@ �A')&B*-,6. (2)

subjectto theinequalityconstraints C ')&+*-,/.ED�F (3)

where & arethe G @ independentvariableswe canaffect (degreesof freedom),and , areindependent
variableswe cannotaffect (disturbances).Heretheconstraintsfor instancemaybeH productspecifications(e.g. IKJML�F/NPORQ )H manipulatedvariableconstraints(e.g. FSDUTVDUTXWZY-[ )H otheroperationallimitations(e.g.maximumpressureor avoid flooding)

Conflicting constraintsmay result in a problemwithout a feasiblesolution. For example,if we make
a productby blendingtwo streamsthenwe cannotachieve a productspecificationoutsidetherangeof
feedcompositions.

Wehaveassumedthatall dependent(state)variableshavebeeneliminatedsuchthatthecostfunction
andconstraintsarein termsof the independentvariables& and , . However, in somecasesit is more
convenientto keepthestatevariablesI andcorrespondingmodelequations(equalityconstraints)and
formulatetheoptimizationproblemas ;S<?>@ �(')IB*#&+*-,6. (4)

subjectto theconstraints C]\ ')IB*#&+*-,6.Z�^F (5)C`_ ')IB*#&+*-,6.aD�F (6)

Although we use a steady-stateanalysisin this paper, it may be extendedto truly unsteady-state-
processes,likeduringagradetransitionor for abatchprocess,by usingadynamicmodelandletting the
setpoints��� beprecomputedtrajectoriesasa functionof timeor of statevariables.

2.2 Implementing the optimal solution

Therearetwo main issueswhenit comesto optimizing control. Thefirst is themathematicalandnu-
mericalproblemof solving theoptimizationproblemin (2) to obtaintheoptimaloperatingpoint. The
optimizationproblemmay be very large, with hundredsof thousandsof equationsand hundredsof
degreesof freedom(e.g. for a completeethyleneplant), but with todayscomputersandoptimization
methodsthisproblemis solvable,andit is indeedsolvedroutinelytodayin someplants.Thesecondis-
sue,thefocusof thispaper, is how theoptimalsolutionshouldbeimplementedin practice.Surprisingly,
this issuehasreceivedmuchlessattention.

To betterunderstandtheissuesconsiderthethreealternative structuresfor optimizingcontrolshown
in Figure2:

(a) Open-loopimplementation.
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Figure2: Alternativestructuresfor optimizingcontrol.Structure(b) is studiedin this paper

(b) Closed-loopimplementationwith aseparatecontrollayer.

(c) Integratedoptimizationandcontrol.

In thefiguretheblock “process”denotestheprocessasseenfrom theoptimizationlayer, so it may
actuallybea partially controlledplantwhich includes,for example,stabilizinglevel loops.This means
that the independentvariables& for theoptimizationmay includesomeof the “original” manipulated
variables( f ) aswell asthesetpoints(e.g.level setpoints)usedin thelower-layercontrollers.

If therewereno unmeasureddisturbances, then the threeimplementationswould give the same
result. The key to understandwhy the threestructuresdiffer, is thereforeto considerwhat happensto
thedegreesof freedom& in responseto a disturbance, (moregenerally, mayincludeany uncertainty,
includingerrorsin themodelusedfor theoptimizationandcontrol).

(a) For theopen-loopimplementationthereis no feedback,and & remainsunchangedwhenthereis a
disturbance, .

(b) For theclosed-loopimplementationwith aseparatecontrollayer, thedisturbance, affectsthemea-
surement�gW , andthecontrolleradjust& sothat �%W returnsapproximatelyto its setpoint,��� .

(c) For theintegratedoptimizationandcontrol,all availablemeasurements� (including �%W ) areusedto
identify thedisturbanceandupdatethemodel,andthendynamicon-lineoptimizationis usedto
recomputeanew optimalvaluefor &

In general,theopen-loopimplementation(a) is notacceptablebecausethereis noattemptto correct
for disturbances,
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If we formulatethe optimizing control problemin the usualmathematicalfashionas in (2), then
wefind thatthecentralizedimplementation(c) is theoptimalchoice.Herethereis one“big” controller,
whichbasedonall availablemeasurementsandothergiveninformation(includingamodelof thesystem
and expecteduncertainty),continuouoslycomputesthe optimal valuesof all manipulatedvariables.
However, thereare fundamentalreasonswhy sucha solution is not the best,even with todaysand
tomorrows computingpower. Oneimportantreasonis the costof obtaininga dynamicmodel; in the
centralizedcontrollerit is critical thatthismodelis accuratesincethereareno predeterminedlinks, and
thecontrollermustrely entirelyon themodelto take theright action.

Therefore,in practice,we almostalwaysusetheclosed-loopimplementation(b) wherewe decom-
posethecontrolsysteminto separatepartsandlayers.In thesimplestcaseshown in Figure2b we may
have two layers:H A steady-stateoptimizationlayerwhichcomputestheoptimalsetpoints��� for thecontrolledvari-

ables,andH A feedbackcontrol layerwhich implementsthesetpoints,to get �Ehi��� .
In processcontrol applications,the feedbackcontrol layer usuallyoperatescontinuously, whereasthe
optimizationlayer (which may be an engineer)recomputesnew setpoints��� only quite rarely; maybe
onceanhouror onceaday(whentheplanthassettledto anew steady-state).Theideais thatby locally
controllingtheright variables� , we cantake careof mostof thedisturbances,andthusreducetheneed
for continouosreoptimization.This alsoreducestheneedfor modelinformationandtendsto make the
implementationmorerobust. On theotherhand,it usuallyimpliesa performancelosscomparedto the
“true” optimal (centralized)solution,andthe challengeis to find a “self-optimizing” control structure
(i.e. to find theright controlledvariables� ) for which theloss � is acceptable.

Active constraint control

In somecasesthereis no performancelosswith thehierarchicalstructurein Figure2b with a separate
optimizationandcontrol layer. This is whenthe optimumlies at someconstraints,andwe useactive
constraint control wherewe choosetheconstrainedvariablesasthecontrolledvariables� (Maarleveld
andRijnsdrop1970)(Arkun andStephanopoulos1980)(Fisheret al. 1988). However, in many cases
theconstraintsmove dependingon theoperatingpoint, anda changein theactive constraintsrequires
reconfigurationof the loops. To avoid suchan often complicatedlogic system,we may usein the
lower layeramultivariablecontrollerthatcanhandleconstraints.In particular, modelpredictive control
(MPC), which hasgainedwidespreaduse in industry over the last 20 years,provides a simple and
efficient tool for trackingactive constraints.

2.3 Degrees of freedom for control and optimization

A startingpoint for controlandoptimizationis to establishthenumberof degreesof freedomfor oper-
ation; bothdynamically(for control, GjW ) andat steady-state(for optimization, G @ ). Fortunately, it is
in mostcasesrelatively straightforwardto establishthesenumbersfrom processinsight,e.g.seePonton
andLiang (1993)andLuyben(1996). The basisis that the numberof independentvariablesfor con-
trol ( GkW ) equalsthenumberof variablesthatcanbemanipulatedby externalmeans(which in process
control is thenumberof numberof adjustablevalvesplusthenumberof otheradjustableelectricaland
mechanicalvariables).

Thenumberof degreesat freedomat steady-state( G @ ) is generallylessthanthenumberof control
degreesof freedom( GjW ). Wehave G @ �iG W �lG 3 (7)

where G 3 �mGjW 3an Gko 3 is thenumberof variableswith no steady-stateeffect (on thecostfunction).
Here
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GkW 3 - numberof manipulatedinputs( & ’s),or combinationsthereof,with no steady-stateeffect.Gko 3 - numberof controlledoutputvariableswith no steady-stateeffect.

A simpleexamplewhereGjW 3 is non-zerois aheatexchangerwith bypassonbothsides,(i.e. GkWM��p ).
However, atsteady-stateG @ �rq sincethereis reallyonly oneoperationaldegreeof freedom,namelythe
heattransferrate s (whichatsteady-statemaybeachievedby many combinationsof thetwo bypasses),
sowe have GjW 3 �rq .Gko 3 usuallyequalsthe numberof liquid levels with no steady-stateeffect (including mostbuffer
tank levels). However, notethatsomeliquid levels do have a steady-stateeffect, suchasthe level in a
non-equilibriumliquid phasereactor, andlevelsassociatedwith adjustableheattransferareas.Also, we
shouldnot includein Gjo 3 any liquid holdupsthatareleft uncontrolled,suchasinternalstageholdupsin
distillationcolumns.

Remarkon designdegreesof freedom. In this paperwe are concernedwith operational degrees
of freedom. The designdegreesof freedom(which is not a concernin this paper)includesall the
operationaldegreesof freedomplus all parametersrelatedto the size of the equipment,suchas the
numberof stagesin columnsections,areaof heatexchangers,etc.

2.4 Introductory example

To give the readersomappreciationof the issues,we hereconsidera distillation plant. With a given
feedstreamanda specifiedpressure1, a conventionaltwo-productdistillation column,asshown in Fig-
ure3, hastwo degreesof freedomat steadystate( G @ �Vp ). (Froma controlpoint of view thecolumn
has GkWt�uQ degreesof freedom,but two degreesof freedomareneededto stabilizethe reboilerand
condenserholdups,which have no steady-stateeffect, andonedegreeof freedomis usedto control the
pressureat its givenvalue).Thetwo remainingdegreesof freedom,e.g.selectedto betherefluxflow �
andthedistillateflow v , &w�5x �vUy
(this is not a uniquechoice)maybeusedto optimizetheoperationof theplant. However thequestion
is: How shouldtheoptimalsolutionbeimplemented,that is, which two variables� shouldbespecified
andcontrolledduringoperation?

To answerthisquestionin aquantitative manner, we needto definetheconstraintsfor theoperation
andthecostfunction � to beminimized.

Constraints. We assumethat thedistillate productmustcontainat least95%light componentand
thatto avoid floodingthecapacityof thecolumnis limited by amaximumallowedvaporload,IzJ^L{IKJZ| WZ}�~��^F/NPORQTmDUT�W�Y-[

Costfunction. Ratherthanminimzingthecost � , it is morenaturalin thiscaseto maximizetheprofit� ����� , which is theproductvalueminusthefeedcostsandtheoperational(energy) costswhich are
proportionalto thevaporflow T , � ���KJ�v n �K�A�����K�����w�K�(T (8)

Constrainedoperation. Let usfirst consideracasewhereH distillateis themorevalueableproduct(�KJ{���K� )H energy costsarelow (�K��h^F )
1If columnpressureis free we often find that the optimal choiceis to have maximumcooling correspondingto minimum

pressure(“floating pressurecontrol” assuggestedby Shinskey (1984)).Thereasonis that in mostcasestherelative volatility is
improvedwhenpressureis lowered.
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In this case,it is optimalto operatethecolumnat maximumload(to reducethelossof light component
in the bottom) andwith the distillate compositionat its specification(to maximizedistillate flow by
includingasmuchheavy componentaspossible)(Gordon1986),i.e.T¢¡)£¥¤¦��T�W�Y-[IKJZ| ¡§£�¤+�MIzJZ| W(}�~��iF/NPORQ

Thus,theoptimumliesatconstraintsandimplementationis obvious:WeshouldselectthevaporrateT andthedistillatecompositionIKJ asthecontrolledvariables,�a�5x TIzJ�y©¨ �����ªx T�W�Y-[IKJZ| WZ}«~Zy
In practice,we implementthis usinga lower-level feedbackcontrolsystemwherewe adjusttheboilupT to keepthepressuredropover thecolumn(anindicatorof flooding)below a certainlimit, andadjust
thereflux � (or someotherflow, dependingon how thelevel andpressurecontrolsystemis configured)
sothat IKJ is keptconstant.

Unconstrainedoperation. Next, consideracasewhereH bottomsproductis themorevaluableproduct(�K�¬�­�zJ )H energy costsarerelatively high (theterm �K�(T contributessignificantlyto � )

In thiscasetheoptimummaybeunconstrainedin bothvariables,andassumefor thediscussionthatTX¡§£�¤+�^F/N¯®`°!TXWZY±[IzJZ| ¡§£�¤+�^F/NPO!®`²S³{IzJZ| W(}�~
Implementationin thiscaseis notobvious.Somecandidatesetsof controlledvariablesare� \ � x IKJIz� y ¨ � _ � x :K¤?¡§£:µ´ ¤¶W y ¨ ��· � x TIKJ y ¨ �%¸¹� x �T y ¨ �%º � x ��»¼vT�»¼� y
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andtherearemany others.Controlledvariables� \ and � _ will yield a “two-point” controlsystemwhere
we closetwo loopsfor quality control; ��· yieldsa “one-point” control systemwhereonly onequality
loop is closed;whereas�%¸ and ��º are“open-loop”policieswhich requireno additionalfeedbackloops
(exceptfor thelevel andpressureloopsalreadymentioned).All of thesechoicesof controlledvariables
will have differentself-optimizingcontrolproperties.

At theendof thepaper, we studyanotherdistillation example,wheretheoptimumis constrainedin
onevariableandunconstrainedin theother.

2.5 Summary so far

In summary, asillustratedin Figure4,wehavethreeclassesof problemswhenimplementingtheoptimal
solution:

u

J

[

(a) Easy: Active constraint
control

u

J

(b) Easy:Manualcontrol

u

J

(c) Difficult.

Figure4: Implementingtheoptimalsolution

(a) Constrainedoptimum. In thefigureis shown thecasewherethesolutionis constrainedin & ,
i.e. theminimum � is obtainedfor &¢W(}�~ , but it couldbein any othervariable.As discussed
above, implementationof theoptimalsolutionin this caseis easy;we implementtheactive
constraint(this could involve a feedbackloop). This caseis very common,astheoptimum
is always constrainedif we have a linear model with a linear objective function. Model
predictive control (MPC) or a similar methodmay be usedif the active constraintmoves
dependeingon theoperatingpoint.

(b) Unconstrainedflat optimum. In thiscasethesolution(operation)is insensitive to valueof the
independentvariable& , andimplementationis againeasy;wemayusetheopen-loopstrategy
with aconstantvaluefor & .

(c) Unconstrainedsharpoptimum. Themoredifficult problemsfor implementationis whenthe
solution(operation)is sensitive to valueof theindependentvariable& . In this case,we want
to find acontrollervariable� in which theoptimumis flatter.

Thelatter“dif ficult” problemsarethefocusof this paper.

3 Selection of controlled variables

In this sectionwe presentourprocedure,but let usfirst formulatetheproblema bit clearer.
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3.1 Problem formulation

Let the “baseset” for the G @ availabledegreesof freedombedenoted& (this is not a uniqueset),and
let , denotethe(important)disturbances(this is a uniqueset). Any othervariableis thena functionof
thesevariables,for example,we canwrite for thecontrolledvariables� ��½¾')&+*-,6. (9)

Assumingthatthesetof � ’s areindependent,we canalsoderive theinverserelationship&w��½B¿ \ '§�¼*-,/. (10)

wherewe assumethefunction ½ ¿ \ existsandis unique.
For a given disturbance, we cansolve theoptimizationproblem(2) with constraints(3), andif a

feasiblesolutionexistsobtaintheoptimalvalue &À¡§£�¤-'§,6. ,;S<?>ÁÂ±ÃÄÁ�Å Æ7ÇÉÈRÊ �(')&+*-,6.(�Ë�(')&À¡§£�¤±'§,6.g*-,/.Z���  #"g$ '§,6. (11)

However, in actualoperationthevalueof & will differ from thetheoptimalvalue &  #"%$ '§,/. , andthis
resultsin a loss 2 � betweentheactualoperatingcostsandtheoptimaloperatingcosts,�¹')&B*-,6.(���A')&B*-,6.A���A')& ¡§£�¤ '§,6.g*-,/. (12)

The magnitudeof the losswill dependon the control strategy usedfor adjusting & during operation,
andto understandthis betterconsiderthe “open-loop”and“closed-loop”strategies. Let , 3 denotethe
nominalvalueof thedisturbancefor which theoptimizationwasperformed,andlet , denoteits actual
value(duringoperation).In thispaperweusefor simplicity thenominaloptimalvaluesassetpoints,i.e.&z�Z�M&  #"g$ '§, 3 . ¨ �����^�  #"%$ '§, 3 .H In the“open-loop”strategy we attemptto keep & constantat its setpoint&z� (moreprecisely, &��& � n , @ where, @ is theimplementationerror)H In the“closed-loop”strategy we adjust &2��½ ¿ \ '§�Ì*-,/. in a feedbackfashionin anattemptto keep� constantat its setpoint��� (moreprecisely, � ����� n ,]Í , where ,9Í is theimplementationerrorfor

controlof � )
Theopen-looppolicy is oftenpoor;bothbecausetheoptimal input &À¡§£�¤-'§,6. dependsstronglyon the

disturbance(soit is nota goodpolicy to keep&K� constant),andbecausewe arenotableto implement&
accurately(sotheimplementationerror , @ is large).

Thequestionwe want to answeris therefore:Whatis bestchoicefor thecontrolled variables � to
usein theclosed-looppolicy? If we allow for combinationsof measurements,thenthereareinfinitely
many choices.Specifically, if ÎRW representall thecandidatemeasuredvariables,thenwecanwrite� �iÏB')ÎRWk*#&µ. (13)

wherethe function Ï is free to choose(notethat the open-looppolicy is includedas the specialcaseÏ+')Î W *#&µ.A�M& ).
We next presenttwo approachesfor selectingcontrolledvariables.We first considertheerror, &©�&À¡§£�¤-'§,6. , andbasedonthisproposefour requirementsof thecontrolledvariable.Wethenconsideramore

exactstepwiseprocedurebasedonexplicitly evaluatingtheloss.

2It is not really necessaryto introducethe loss function, andwe may insteadwork directly with the actualcost Ð¦Ñ?ÒKÓÕÔ`Ö .
However, the lossprovidesa better“absolutescale”on which to judgewhethera given setof controlledvariables× is “good
enough”,andthusis self-optimizing.

10



3.2 Requirements for the controlled variable

Consideranclosed-loopimplementationwherewe attemptto keep � constantat thevalue � � . With this
implementationtheoperationmaybenon-optimal(with apositive loss)dueto thepresenceof asetpoint
errorandanimplementationerror.

1. The setpointerror, Ø¥ÍÕ�=����� ����¡§£�¤±'§,/. , is the differencebetweenthe setpointandtruly optimal
value

2. Theimplementationerror, ,9Í(�i�A�©��� , is thedifferencebetweentheactualvalueandthesetpoint.

Thesetwo errorsaregenerallyindependent;thesetpointerroris causedby disturbances(changesin the
operatingpoint), whereasthe implementationerror is causedby measurementerror andpoor control.
Theoverall error Ø¥Í(�^�Ù�l��¡§£�¤±'§,/. (whichcausesapositive loss),is thenthesumof thetwo,Ø¥ÍZ�^ØÚÍÛ� n ,9Í (14)

Clearly, wewant ØÚÍ to besmall. In addition,wewould like thata largevalueof Ø¥Í resultsin only asmall
valueof the“baseset” error Ø @ , that is, we want & to beinsensitive to changesin � (or equivalently, we
want � to besensitive to changesin & ).

Fromthis, we canderive the following requirementsfor of a goodcandidatecontrolled � variable
(alsoseeSkogestadandPostlethwaite(1996),page404):

Requirement 1. Its optimal valueis insensitive to disturbances(so that thesetpointerror Ø¥ÍÕ�j�Ü���E���¡§£�¤±'§,/. is small)

Requirement 2. It is easyto measureandcontrol accurately(so that the implementationerror , Í is
small)

Requirement 3. Its valueis sensitive to changesin themanipulatedvariables& , thatis, thegainfrom &
to Î is large (sothatevena largeerror in thecontrolledvariable � resultsin only a smallerror in& ).

Requirement 4. For caseswith two or morecontrolledvariables,theselectedvariablesshouldnot be
toocloselycorrelated.

In short,weshouldselectvariables � for which thevariation in optimalvalueand implementation
error is smallcomparedto their adjustablerange (therange� mayreachby varying & ) (Skogestadand
Postlethwaite(1996),page408).

For small variationswe may usea linearizedrelationshipbetweenthe “baseset” and controlled
variables, �Ý�ßÞ�& , where Þ is the gain matrix. If we assumethat eachcontrolledvariable � has
beenscaledsuchthat thesumof its optimal rangeandits implementationerror is 1 (this takescareof
requirements1 and2), andthateach“basevariable” & hasbeenscaledsuchthata unit changehasthe
sameeffect on the cost function � , thenwe shouldprefersetsof controlledvariablefor which à 'áÞâ.
is maximized(maximizingthegaintakescareof requirement3 andusingtheminimumsingularvalueà 'áÞâ. takescareof requirement4) (SkogestadandPostlethwaite(1996),page406).

Note that requirement1 saysthat its optimal valueshouldbe insensitive to disturbances,andnot
thatits valueshouldbeinsensitive to disturbances.Actually, weusuallywantits valueto besensitive to
disturbancessothatwe candetectthem(andthuscorrectfor them).

All four requirementsshouldbesatisfied.For example,assumewe have a mixtureof threecompo-
nents,andwe have a measurementof the sumof the threemole fractions, �=�ãIÀä n IK� n IKå . This
measurementis always1 andthusindependentof disturbances(sorequirement1 is satisfied),but it is of
coursenota suitablecontrolledvariablebecauseit is alsoinsensitive to themanipulatedvariables& (so
requirement3 is not satisfied).Requirement3 alsoeliminatesvariablesthathave anextremum(maxi-
mumor minimum)whenthecosthasits minimum,becausethevariableis theninsensitive to changes
in & .

The requirementslisted above arevery useful for identifying goodcandidatecontrolledvariables
(alsocalled“dominant”variableby someauthors).However, for amoreexactevaluationoneshoulduse
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theproceduredescibednext. It basedon evaluatingthelossimposedby keepingtheselectedcontrolled
variablesconstant.

3.3 Stepwise procedure for evaluating the loss

To comparealternative choicesfor � it is probablysimplestto directly evaluatethe cost function (or
equivalentlythelossfunction)for expectedvaluesof thedisturbance, andtheimplementationerror ,]Í .
A goodchoicefor of controlledvariables� (i.e. goodchoiceof thefunction Ï ) is thentheonethatwith
constantvaluesof � (moreprecicely, � �^��� n ,9Í ) givesanacceptablevalueof theloss � for theexpected
setof disturbances,�æwç , andexpectedsetof implementation(control)errors ,9ÍEæ2çâÍ .

This resultsin thefollowing procedurefor selectingcontrolledvariables� :
Step 1: Degree of freedom analysis. Determinethenumberof degreesof freedom( G @ ) availablefor

optimization,andidentify abaseset( & ) for thedegreesof freedom.

Step 2: Cost function and constraints. Definetheoptimaloperationproblemby formulatinga scalar
costfunction � to beminimizedfor optimaloperation,andspecifytheconstraintsthatneedto be
satisfied.

Step 3: Identify the most important disturbances (uncertainty). ThesemaybecausedbyH Errorsin theassumed(nominal)modelusedin theoptimization(including theeffect of in-
correctvaluesfor thenominaldisturbances, 3 usedin theoptimization)H Disturbances( ,è�l, 3 ) (includingparameterchanges)thatoccuraftertheoptimizationH Implementationerrors( ,9Í ) for the controlledvariables� (e.g. dueto measurementerror or
poorcontrol)

Fromthisonedefinesthesetof disturbancesç andsetof implementationerrors çâÍ to beconsid-
ered. Often it is a finite setof disturbancecombinations,for example,consistingof theextreme
valuesfor theindividual disturbances.In addition,onemustdeterminehow to evaluatethemean
costfunction �!W�éÕY±~ . Therearemany possibilities,for example

1. Averagecostfor afinite setof disturbances

2. Meancostfrom Monte-Carloevaluationof adistribution of , and ,]Í .
3. Worst-caseloss

Step 4: Optimization.

1. First solve thenominaloptimizationproblem,that is, find & ¡§£�¤ '§, 3 . . Fromthis mayonealso
obtaina tablewith thenominaloptimalvaluesfor all othervariables(includingthecandidate
controlledvariables).

2. In mostcases(unlessit involves too mucheffort) we thensolve the optimizationproblem
for thedisturbances, in question(definedin step3). This is neededto checkwhetherthere
existsafeasiblesolution & ¡§£�¤ '§,6. for all disturbances, , andto find theoptimalcost �A')& ¡§£�¤ *-,6.
neededif we want to evaluatethe loss. It may alsobe usedin step5 to identify controlled
variables.

Step 5: Identify candidate controlled variables. Typically, thesearemeasuredvariablesor simple
combinationsthereof. The requirementsgiven above areuseful in identifying goodcandidates.
For example,basedon theoptimizationin step4, onemaylook for variableswhichoptimalvalue
is only weakly dependentof disturbances(requirement1). The variableshouldalsobe easyto
control and measure(requirement2), and it shouldbe sensitive to changesin the manipulated
inputs (requirement3). Insight and experiencemay also be helpful at this stage,becausethe
possiblenumberof combinationsmaybeextremelylarge.
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Step 6: Evaluation of loss. We computethe meanvalueof the lossfor alternative setsof controlled
variables� . This is doneby evaluatingtheloss�ê')&+*-,6.Z�Ë�(')&+*-,/.ë�ì�(')&À¡§£�¤±'§,/.g*-,6. ¨ &w�i½ ¿ \ '§��� n ,9Í�*-,6. (15)

with fixedsetpoints��� for thedefineddisturbances,íæwç andimplementationerrors,9ÍEæ©çâÍ . We
usuallyselectthesetpointsasthenominaloptimalvalues,� � �Ë� ¡§£�¤ '§, 3 . , but it is alsopossibleto
let thevalueof ��� besubjectto anoptimization.

Step 7: Further analysis and selection. We selectfor further considerationthe setsof controlled
variableswith acceptableloss(andwhich thusyield self-optimizingcontrol).Thesecouldthenbe
analyzedto seeif they areadequatewith respectto othercriteriathatmayberelevant,suchlike the
region of feasibility andtheexpecteddynamiccontrolperformance(input-outputcontrollability)

3.4 Toy example

To give a simple “toy example”, let �V�î')&l�U,/. _ . For this problemwe alwayshave �9¡§£�¤±'§,6.2�ïF
correspondingto &K¡)£¥¤±'§,6.k�u, . Let is now considerthreealternative choicesfor the controlledoutput
(e.g.we canassumethey arethreealternative measurements)� \ �^F/N?q!')&2�l,6. ¨ � _ �ip`F`& ¨ �%· �ðq�F`&��¬Q`,
Since &À¡§£�¤-'§,/.ñ�ò, , we have that the optimal value for the threealternative controlledoutputsas a
functionof thedisturbanceare� \ ¡§£�¤-'§,6.(�iF ¨ � _ ¡)£¥¤±'§,6.(��p`FR, ¨ ��·#¡§£�¤B�iQ`,
In thenominalcase, 3 �ãF andwe have in all threecasesthat ��¡§£�¤±'§, 3 .ó�ãF , so we selectin all three
cases�����ôF . We assumethat the variableshave beenscaledsuchthat õ ,KõkDòq (disturbance)andõ ,9Íö}-õ6D�q`*#÷A�rq`*±p6*±² (i.e. sameimplementationerrorfor all threevariables).

Let usfirst evaluatehow thethreecandidatevariablesmeettheabove requirements.

1. Its optimalvalueis insensitiveto disturbances.Fromthis point of view, thepreferredcontrolled
variableis � \ (zerosensitivity), followedby ��· (sensitivity 5) and � _ (sensitivity 20).

2. It is easyto control accurately. Thereis nodifferenceheresincetheimplementationerror ,]Í is the
samefor thethreevariables.

3. Its valueis sensitiveto changesin & . This favors � _ (gain20), followedby ��· (gain10), whereas
variable � \ (gain0.1) is very poorin this respect.

Let usnext evaluatethelosses.For thissimpleexamplethelossescanbeevaluatedanalytically, and
wefind for thethreealternatives� \ �ð'øq�FR,9Í \ . _ ¨ � _ �ð'§F/NÄF!Q`,]Í _ �¬,6. _ ¨ �Z· �ð'§F/N?q�,9Íá· �lF/NPQ`,6. _
(For example,for � · we have &w�ð'§� · n Q`,/.#»6q�F andwith � · �^� ·-� n , Íá· �i, Íá· weget �ù�ð')&w�l,6. _ �'§F/N?q�,9Íá· n F/NPQ`,j�l,/. _ ). With õ ,zõ!�rq and õ ,9ÍÚõR�rq theworst-casevaluesof thelossesare� \ �rq�FRF ¨ � _ �ðq`NÄF!Q _ �rq`N?q�F!pRQ ¨ �(·a�^F/NP° _ �iF/NP²R°
andwe find thatoutput ��· is thebestoverall choicefor self-optimizingcontrol (with thesmallestloss),
and � \ is theworst. (This is thesameconclusionthat followedby consideringthethreerequirements.)
Weseethatwith noimplementationerror( ,]Í(�^F ) � \ wouldbethebest,andwith nodisturbance( ,ú�^F )� _ wouldbethebest.
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4 Reactor case study

We hereillustratethestepwiseprocedurefor selectingcontrolledvariableswith a simpleexamplethat
caneasilybereproducedby thereader. Considera continuouslystirredtankreactor(CSTR)wheretwo
irreversiblefirst-orderreactionstake placeûiü � ¨þý äÿ���!ä+IÀä�� ��¿ \��� ü � ¨ ý �l���9�ëIz��� � ¿ \ �
ComponentB is thedesiredproductandits concentrationasa functionof theresidencetimehasapeak
value,atwhichwe wantto operatethereactor.

Model. Let 	¥} and I¢} denotemolefractionsof component÷ in thefeedandreactor, respectively, and
let � [mol/s] bethefeedrateand

�
[mol] thereactorholdup. Thereareonly threecomponents,A, B

andC, andsteady-statematerialbalancesyield

	Úä����ÿIKä+���
�9ä¦IKä � �^F
	¼�¾���ÿIz�¾� n �9ä¦IÀä � ���9�ëIz� � �iFIKåÿ�rqa�lIÀä �lIK�

Thefeedcontainsonly componentsA andC, i.e. 	Ìåÿ�rq+��	Úä . Weconsiderthefollowing nominaldata:

	Úäÿ�^F/N�
 ¨ �!äÿ�rq�� ¿ \ ¨ �9���rq�� ¿ \ ¨ �Ë�rq ;���� »��
Step 1: Degree of freedom analysis

With a given feedthe reactorhasonedegreeof freedomat steady-state,which maybe selectedasthe
reactorholdup,i.e &w� � � ;���� �

Thevalueof
�

shouldbeadjustedto optimizetheoperation.

Step 2: Cost function and constraints

In this examplecomponent� is thedesiredproductandtheobjective is to maximizetheconcentration
of B, i.e. we choosethecostfunction �ù�r�kq�FRF���IK�
(in mostcaseswewould recycle unreactedA, but this is not thecasein thisexample).Wewould like to
find acontrolledvariablewhich resultsin ameanlossof lessthan0.5whentherearedisturbances.

Thereareno extraconstraints,exceptfor physicalconstraintssuchas FúD � ���
.

Step 3: Disturbances

Wewill considerthefollowing disturbances(errors):H , \ : Feedratereducedby 30%H , _ : Feedfractionof A reducedfrom 0.8to 0.6H ,]· : Feedfractionof A increasedfrom 0.8to 10.0H , ¸ : Rateconstant� ä increasedby 50%H ,]º : Rateconstant�9� increasedby 50%H , Í : Implementationerrorfor thecontrolledvariable,e.g.,dueto measurementerror: seestep5.

Themeanlossis herechosenastheaverageof thelossresultingfrom eachof thesesix disturbances
(oneata time).
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Step 4: Optimization

In many casesit is optimalto operatethereactorwith maximumholdup
�

, for example,this would be
thecaseif theobjective wereto maximizetheproductionor concentrationof componentC. However, in
ourcasewewantto maximizetheconcentrationof theintermediateproductB goesthroughamaximum
aswe increasetheholdup

�
(seeFigure5 whichshows thecostfunction �ù�r�âq�FRF`Iz� asa functionof�

).
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Figure5: Reactorcasestudy:Costfunction � asa functionof holdup �
Theoptimalholdupandcorrespondingoptimalcompositionsin thenominalcaseare:� �!;S<?>�� �!� "$#-<É;&%X;(' � �ðq`NÄF ;)��� ¨ IKäñ�^F/N+*�*#Iz���^F/NPp6*#Izå¬�^F/N+*

correspondingto ��� �kq�FRF`IK�Ü� � p`F . Whentherearedisturbances,the optimal valueschangeas
givenin Table1.

Step 5: Candidate controlled variables

As mentioned,the reactorhasonesteady-statedegreeof freedomduring operation.How shouldthis
degreeof freedombeset?Thefollowing candidatesfor thecontrolledvariable� aresuggestedH � \ � � (holdup)H � _ � � »¼� (residencetime)H � · �MI äH �%¸¹�MIz�H ��º �MIzåH �-, �MI � »ÌI äH �/.a�10 \ �MIKä n p¼Iz� n ²¼IKå (apropertyvariable)H �-2 �10 _ �MIKä n ²¼Iz� n p¼IKå (apropertyvariable)

Theseareessentiallythe availablemeasurementsin the reactor. In alternatives 7 and8 the property
variablesmay representa boiling temperature,a viscosity, a refractionindex or similar. We selectthe
setpointfor eachvariableasthenominallyoptimalvalue.

We needto identify theimplementationerror ,]Í for eachof thecandidatecontrolledvariables.As-
sumingthattheimplementationerror is mainly to dueto measurementerrorsandthatthemeasurement
erroris 10%for

�
and � , and5%for themolefractions,we usethefollowing valuesfor ,9Í :
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H � : 10%H � »¼� : 20%H I ä , I � and I å : 5%H IKä�»ÌIz� : 10%H 0 \ and 0 _ : 0.1unit (about5%)

Which controlledvariableis preferred? It seemsclear that it will be betterto keep
� »¼� rather

than
�

constant,becausethe optimal residencetime
� »¼� is independentof the feed rate,whereas

the optimal value of the holdup
�

clearly dependson the feedrate. It is also ratherobvious that a
policy basedon keepingIz� constantis mostlikely to fail, becauseIz� goesthrougha maximumaswe
increase

�
, andif wespecifyavalueof Iz� above thismaximum,thenoperationis infeasible.However,

otherwiseit is notatall clear, evenin thissimplecase,whatthebestchoiceof thecontrolledvariableis.

Step 6: Evaluation of loss

To comparethe alternativeswe computethe loss �V� �¬�^�! #"%$ with eachof the candidatevariables
keptconstantat its nominaloptimalvalue.Theresultsaregivenin Table2 for the8 candidatevariables
andthe6 disturbances.Disturbance,]Í representsthe implementationerrorandthe lossin this caseis
evaluatedwith ������� n ,9Í . For example,for �ú� � »¼� we have ���k�­q`NÄF and ,]Íâ�VF/NPp3��q`NÄF ��F/NPp
(20%error)andfixing

� »¼���rq`NÄF n F/NPpè�rq`NPp (ratherthantheoptimalvalueof 1.0)resultsin a lossof
0.17(seeTable2).

We seefrom Table2 thatthelossis quitesmall in mostcases,but in somecasesthereis no feasible
solution(marked as <É>54 N in the table). As expected,this is the caseif we specify I � �uF/NPp , andthis
is higherthanits maximumachievablevalue.But notethat infeasibility mayoccurfor mostchoicesof
controlledvariablesif thedisturbanceis sufficiently large.For example,if wespecify IÀäÿ�^F/N+* thenwe
obviously get infeasibility when 	Úä � F/N+* . Notethat thereis usuallyno “warning”, in termsof a large
valueof theloss,asweapproachinfeasibility.

With thenumbersgivenabove, the implementationerror is not very important. However, in many
casesit maybeacritical factorwhicheliminatesanotherwisegoodcandidatecontrolledvariable.

Step 7: Selection of controlled variable

Most engineerswould probablyattemptto controlsomecompositionif suchmeasurementswereavail-
able,andindeedwe find thatthevariable � , �iIz�A»ÌIÀä is theidealvariableto keepconstantwhenthere
aredisturbancesin 	Úä (seeTable1). However, keepingIK�A»ÌIÀäÿ�^F/NPQ resultsin ratherlargelosseswhen
therearedisturbancesin the rateconstants,resultingin an averagelossof 0.74. KeepingIÀä��uF/N+*!F
givesalargelosswhen 	Úä changes,andtheaveragelossis 0.52(justabovetheacceptable).As expected,
keepingI � �^F/NPp resultsin infeasibility in somecases,andalsokeepingI å �^F/N+* resultsin infeasibil-
ity when 	Úä is too low. Controllingmeasurement0 \ givesa largelosswhenthereis adisturbancein 	Úä ,
whereas0 _ is somewhatsensitive to implementationerrors.In summary, from Table2 we seethatnone
of thecompositionmeasurements( IÀäA*#Iz�Ù*#IKå�*#Iz�(»ÌIÀä ) or propertymeasurements( 0 \ *60 _ ) resultin an
acceptableavaragelossof 0.5or less.

Somewhatsurprisingly, the“open-loop”policy wherewe keeptheholdup
� �Üq`NÄF resultsin very

small lossesfor all disturbances,exceptwhenthereis a disturbancein thefeedrate� wherethelossis
0.6. Thesensitivity to feedratedisturbancesis eliminatedif we include“feedforward” actionfrom the
feedrate� andinsteadkeeptheresidencetime

� »¼� constant,but thereis apenaltyin termsof a larger
implementationerror. In conclusion,thesimplestandbeststrategy for theexampleis to keepconstant
theholdup

�
(averageloss0.18)or theresidencetime

� »¼� (averageloss0.10).
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798;:=<?>�@BA!CED!F6G Ð H I J KML KON KMP Q-RQ-S TEU T/V
WYXEZ[8\DOC�] ^Y_�`!a `b` cba `b` cEa `E`d`�a eb`f`�a+_�`f`�a eb`d`�a+g�`h_�a `b` cba ib`Ô U�jbkml `�aon ^Y_�`!a `b`p`!a+n�` cEa `E`d`�a eb`f`�a+_�`f`�a eb`d`�a+g�`h_�a `b` cba ib`Ô V�jEq L l `!a r ^sctg�a `b` cba `b` cEa `E`d`�a uE`f`�a;ctgd`�a+gEgp`�a+g�`h_�a _bg cba i�gÔbv jEq L l cba ` ^Y_Eg�a `b` cba `b` cEa `E`d`�a+g�`f`�a+_Egd`�a+_Egp`�a+g�` cba+nEg cba+nEgÔbw jbx L l cEa+g ^Y_/eOa _�ed`!a i�_d`�a ib_p`�a uErf`�a+_/eh`�a eb`d`�a r�nd_�a `Ee cba ibiÔ�y jbx N l cba g ^sczr!a\ctrp`!a i�_d`�a ib_p`�a eEeh`�a;czrf`�a eb`d`�a u�n cba {br cba+nE_

Table1: Optimalvaluesfor reactorcasestudy

798|:}<B>�@?AOC�D!F~G ��Xb:B:$��Xb@ ��Xb:B:5��XE@ ��Xb:B:$��Xb@ �$X�:?:���XE@ �$Xb:B:5��Xb@ ��Xb:B:$��Xb@ �$X�:?:$��XE@ �$X�:?:���XE@
H l cEa ` I J l cba ` KML l `�a e KON l `�a+_ KMP l `!a e Q RQ S l `�a+g TEU l _ a ` T-V l cEa iE`

W�XEZ[8;D!C�] ` ` ` ` ` ` ` `Ô U jEk�l `!a+n `!a r�_ ` ` ` ` ` ` `Ô V jEq L l `�a r `!a `b` `!a `b` cba r�n 8;D �~a ctg�a ``� ` u�a ubg `!a ubrÔ�v jEq L l cEa ` `!a `b` `!a `b` cba `b` g a `E` cEaon�g ` cEa uE{ `!a _EiÔEw jbx L l cba g `!a _�e `!a _�e `!a _�e e!a+_/e ` cEa uE{ `�a `Er `!a i�_Ôby jbx N l cEa+g `!a\ctr `!a\ctr `!a\ctr 8;D �~a ` _ a iEu `�a `�e `!a+nE_Ô�� j 8\Z[��]�a/G~@B@?Xb@ `!a `�g `!a\c/n `!a `�g 8;D �~a `�a `bg `�a+_�` `�a+_�{ cba+nE_
��� G~@�C��EG�]\X�:?: `!a\cti `!a\ct` `!a gb_ 8;D �~a _ a iE` � `�aon-e `�a iEr `!a r�g��C�D!��8;D�� _ c u i n g r e

8;D �~a
denotesinfeasibleoperation�

) At thelimit to infeasibility ( H�� kml `
) for

q L =0.6.

With impl.error: H l cEa;c Ó�H�� k�l cEa+_ Ó?K L l `�a e�_ Ó=K N l `�a+_ c Ó=K P l `!a e�_ Ó?K N �/K L l `�a+gEg Ó T U�l _�a\c Ó T V�l cba {
Table2: Lossfor reactorcasestudy
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Another case: No C in feed

Above we assumedthat the feed containedcomponentsA and C, but considernext a different case
wherethe feed containscomponentB ratherthan componentC. Otherwiseall the datais the same.
Variable IÀä herereplacesIK�A»ÌIKä asthe ideal variablewith respectto disturbancesin 	Úä (this canbe
provenanalytically),andkeepingIKä constantalsoyieldssmalllosseswhenthereareotherdisturbances.
Therefore,in this casethe lossis smallest(0.18)when IKä is constant;it is 0.20with 0 \ constant;0.32
with I å constant;0.81 with

� »¼� constant;0.89 with
�

constant;1.09 with 0 _ constant;whereas
keepingIz� constantor IK�Z»ÌIÀä constantresultsin infeasibility (Skogestadet al. 1999). Thuswe find,
somewhatsurprisingly, thattherankingis almostreversedcomparedto thatfoundabove.

It is not easyto explain physicallywhy theparticularvariablesarepreferredin thetwo cases.This
shows that it may be difficult to rely on physical insight when selectingthe “dominant” variableto
control.

5 Distillation case study

We considera binarymixturewith constantrelative volatility ����q`N?q¥p to beseparatedin a distillation
columnwith 110 theoreticalstagesand the feedenteringat stage39 (countedfrom the bottomwith
the reboilerasstage1). Nominally, the feedcontains65 mole%of light component( 	Ì���ÜF/NP°RQ ) and
is saturatedliquid ( �¥�Ü� q`NÄF ). This is “column D” of SkogestadandMorari (1988)and represents
a propylene-propanesplitter wherepropylene (light component)is taken overheadasa final product
with at least99.5%purity, whereasunreactedpropane(heavy component)is recycledto thereactorfor
reprocessing.We assumethat thefeedrateis givenat 1 kmol/min andthat thereis no capacitylimit in
thecolumn.(We will laterstudyseparatelythecasewhere T�W�Y-[è� q�F kmol/minandwhatimplications
thishason theoperationof thecolumn.)

Step 1: Degree of freedom analysis

As mentioned,for agivencolumnfeedratethecolumnhastwo operationaldegreesof freedomatsteady
state.Thesemayfor instancebeselectedasthereflux anddistillateflows,&w�5x �vUy
Step 2: Cost function and constraints

Ideally, theoptimaloperationof thecolumnshouldfollow from consideringtheoverallplanteconomics.
However, to be able to analyzethe columnseparately, we introducespricesfor all streamsenetering
andexiting the columnandconsiderthe following profit function

�
which shouldbe maximized(i.e.� �ð� � ) � ��� J v n � � ����� � ���w� � T (16)

Weusethefollowing prices[$/kmol]�KJ{�ip`F/* �K�¬�rq�Fâ��p`F`IK�Ù* �À���ðq�F/*ß�K�¬�iF/N?q
Theprice � � �ðF/N?q [$/kmol] on boilup includesthecostsfor heatingandcoolingwhich both increase
proportionallywith the boilup T . The price for the feed is

� �Ü�òq�F [$/kmol], but its valuehasno
significanceon theoptimaloperationwhenthefeedrateis given. Thepricefor thedistillateproductis
20 [$/kmol], andits purity specificationis IKJML�F/NPORORQ
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Nominalvalues:
k�l c Ó q J l `�a rbg Ó?Á J l cba `

, ÂOÃ l _�`
, Â5Ä l `!a\c

Table3: Optimaloperatingpoint (with maximumprofit
¦§¢6�

) for distillationcasestudy

Thereis nopurity specificationonthebottomsproduct,but wenotethatits priceis reducedin proportion
to theamountof light component(becausetheunneccessaryreprocessingof light componentreduces
theoverall capacityof theplant).

With anominalfeedrate�ð�ðq [kmol/min], theprofit valueof thecolumnis of theorder4 [$/min],
andwe would like to find a controlledvariablewhich resultsin a loss � lessthan0.04[$/min] for each
disturbance(correspondingto ayearlylossof about$20000).

Step 3: Disturbances

Weconsiderfivedisturbances:, \ : An increasein feedrate� from 1 to 1.3kmol/min., _ : A decreasein feedcomposition	Ì� from 0.65to 0.5,]· : An increasein feedcomposition	Ì� from 0.65to 0.75,9¸ : A decreasein feedliquid fraction �¥� from 1.0(pureliquid) to 0.5(50%vaporized), Í : An increaseof thepurity of distillateproductI J from 0.995(its desiredvalue)to 0.996

Thelatteris animplementationerror(safetymargin) for I J . In addition,we will considerimplementa-
tion errorsfor theotherselectedcontrolledvariable(seebelow).

Step 4: Optimization

In Table3 we give theoptimaloperatingpoint for thefive disturbances;larger feedrate( �V��q`NP² ), less
andmorelight componentin the feed( 	Ì�U� F/NPQ and 	Ú�U�VF/NP°RQ ), a partly vaporizedfeed( �¥�U�VF/NPQ ),
anda purerdistillateproduct( Î9J^�ðF/NPO 
 ). In addition,we have consideredtheeffect of a higherprice
for thedistillateproduct(�zJì��²`F ) andafive timeshigherenergy price(�z�¬�^F/NPQ ).

As expected,theoptimalvalueof all thevariableslistedin thetable( IzJ *#Iz�Ù*-v2»¼�E*-��»¼�E*gT�»¼�E* � »¼� )
areinsensitive to the feedrate,sincethe columnshasno capacityconstraints,andthe efficiency is as-
sumedindependentof thecolumnload.

Wefind that,exceptin thelastcasewith amuchhigherenergy price,theoptimalbottomcomposition
staysfairly constantaroundIK���ËF/NÄF�* . This indicatesthata goodstrategy for implementationmaybe
to control Iz� ataconstantvalue.Ontheotherhand,thevalueof v2»¼� variesconsiderably, soweexpect
this to beapoorchoicefor thecontrolledvariable.
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�����z�t���t���M�� �¡ � � »½®°¯\®M´ �£¢6�Å»Æ®°¯;µM¶«± ��»Ç·�²³¯\®«µ5² �È¢]�¼»Ç·�²³¯\®«µ5² �¥¢6�(»Ç·�²³¯;¸M®M´ �¤¢6�É»(¹M¶°¯;²«¸
¨§©«ªÊ�����M­ ® ® ® ® ® ®�¼»Ç·«¯\¶ ® ® ®°¯|²�·�´ ® ® ®� � »½®°¯;² ®°¯\®5¹M¶ ���°Ëb¯ ®°¯;®M®«® ®³¯;®«®M® ®°¯;®M®°· ·«¯\®«±«µ� � »¾®°¯;¸«² ®°¯\®°· ± ¹³¯|²O¶«® ®°¯;®M®«µ ®³¯;®«®Mµ ®°¯;®M®M´ ®°¯À·�¹M±
¿ � »½®³¯|² ®°¯\®«®«® ®°¯;®M®«® ®°¯;®M®°· ®³¯;®«®³· ®°¯;®M®«¶ ®°¯\®«®«®� J »½®³¯;±«±Mµ ®°¯\®«º«µ ®°¯;®Mº«± ®°¯;®M±°· ®³¯;®«±³· ®°¯;®M±°· ®°¯\®«±«¶¹M®5Ì(��ª¬Í�­?¯\¡b�t�z©«� ®°¯\®°·�¹ ���°Ëb¯ ®°¯�·M· ± ®³¯�·«·�± ®°¯�· ¹«¸ ®°¯À· ¶«®

8;D �~a
denotesinfeasibleoperation

Nominalvalues:K Ã l `!a {b{bg Ó q J l `!a r�g ÓBÁ J l cEa `
20%impl.error: KON l `�a `�e�i Ó?Î3� k
l `�aon/rEr Ó � l cti�a `Ei Ó � � k
l cti�a `Ei Ó�ÏÐ� k�l cti�a ibg Ó � ��Î l _Ei�a+_�i

Table4: Lossfor distillationcasestudy.

Step 5: Candidate controlled variables

It is clearthatoneof thecontrolledvariablesshouldbethedistillatecomposition,IKJ . Thisfollowssince
the optimal solution is alwaysobtainedwhenthe productpurity specificationfor the mostexpensive
productis “active”, i.e. in ourcasewhen IzJì�iF/NPORORQ . Wearethenleft with one“unconstrained”degree
of freedomwhichwewantto specifyby keepingacontrolledvariableataconstantvalue.

We foundabove that theoptimalvalueof thebottomcompositionis relatively insensitive to distur-
bancesandotherchanges,andthis indicatesthat IK� is a goodcandidatecontrolledvariable.However,
thereat leasttwo practicalproblemsassociatedwith this choice. First, on-line compositionmeasure-
mentsareoften unreliableand expensive. Second,dynamicperformancemay be poor becauseit is
generallydifficult to controlbothproductcompositions(“two-pointcontrol”) dueto stronginteractions
(e.g.SM andShinskey). Thus,if possible,wewould like to controlsomeothervariable.

The following six alternative controlledvariablesareconsidered(in additionto IKJ which should
alwaysbekeptconstantat its lower limit of 0.995):Iz� ¨ vw»¼� ¨ � ¨ �Ù»¼� ¨ T�»¼� ¨ �Ù»¼v
Weconsiderimplementationerrorsof about20%in all variables,including IKJ .

Step 6: Evaluation of loss

In Table4 weshow for ���rq [lmol/min] theloss ��� � ¡§£�¤X� � [$/min] wheneachof thesix candidate
controlledvariablesarekeptconstantat their nominallyoptimalvalues.Recallthatwe would like the
lossto belessthan0.04[$/min] for eachdisturbance.

Wehave thefollowing commentsto theresultsfor thelossgivenin Table4:

1. As expected,we find thatthelossesaresmallwhenwe keepIK� constant.

2. Somewhatsurprisingly, for disturbancesin feedcompositionit is evenbetterto keep�Ù»¼� or T�»¼�
constant

3. Not surprisingly, keeping vw»¼� (or v ) constantis not an acceptablepolicy, e.g., operationis
infeasiblewhen 	Ú� is reducedfrom 0.65to 0.5.

4. All alternativesareinsensitive to disturbancesin feedenthalpy ( �¥� ).

5. �Ù»¼v is not a goodcontrolledvariable,primarily becauseits optimal valueis rathersensitive to
feedcompositionchanges.
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6. For a implementationerror (overpurification)in IKJ where IKJ is 0.996ratherthan0.995all the
alternativesgive a lossof about0.09.For a largeroverpurificationwhereIzJÝ�iF/NPORO 
 (not shown
in Table)thelossrangesfrom 0.43( IKJ constant)to 0.79( ��»¼v constant).Thelossis ratherlarge,
sowe concludethatweshouldtry to control IzJ closeto its specification.

7. For reflux � andboilup T oneshouldinclude“feedforward” actionfrom � , andkeep ��»¼� andT�»¼� constant(e.g.,thelossis 0.514if we keep� constantand � increasesby 30%).

8. Using �Ù»¼� or T�»¼� ascontrolledvariablesis rathersensitive to implementationerrors.

9. Othercontrolledvariableshavealsobeenconsidered(notshown in Table).Forexample,aconstant
composition(temperature)on stage19 (towardsthe bottom), I \=Ñ �­F/NPp`F , givesa lossof 0.064
when 	Ì� is reducedto 0.5,but otherwisethelossesaresimilar to thosewith IK� constant.

10. We have not computedthe effect of changesin pricesin Table 4, becausethesedo not effect
columnbehavior, soall alternativesbehave thesame(with thesameloss).Thus,if thereareprice
changes,thenonemustrecomputenew optimalvaluesfor thevariables.

Step 7: Selection of controlled variables

FromTable4 thefollowing threecandidatesetsof controlledvariablesyield thelowestlosses� \ � x IK�IKJ y ¨ � _ � x ��»¼�IKJ y ¨ ��· � x T�»¼�IKJ y ¨
The“two-point” controlstructure� \ wherebothcompositionsarecontrolled,is known to resultin a

difficult controlproblemdueto stronginteraction,andwe maynot beableto keepthecompositionsat
their specifications.Thelosswill thenbelarger thanindicated,andit is probablybetterto keep ��»¼� orTZ»¼� constant.

It is usuallysimplerto keepa liquid flow �Ù»¼� ratherthana vaporflow TZ»¼� constant(lessimple-
mentationerror).On theotherhand,wehave alreadynotedthatit is importantto control IzJ closeto its
specification,andthis is probablymoreeasilydoneusingreflux � . In conclusion,we have:

Proposedcontrol system.H T is used3 to keepIKJ{�^F/NPORORQ .H �Ù»¼���rq¥Q6NÄF9® is keptconstant.

Alternativecontrol system.H � is usedto keepI J �^F/NPORORQ .H T�»¼���ðq¥Q6N¯®¼F is keptconstant.

If it turnsout to bedifficult to keep ��»¼� (or T�»¼� ) constant,thenwe mayinsteadmanipulate� (orT ) to keepa temperaturetowardsthebottomof thecolumnconstant.

Column with capacity limitations

Above we assumedthat the feedratewasgiven andthat the columnhadno capacitylimit. However,
all columnshave a capacitylimit, To understandbettertheimplicationsof this, considera columnwithT�W�Y-[j�rq�F [kmol/min]. Otherwisethespecificationsandcostdataareasabove.

Above we found 'áTZ»¼�è.7¡)£¥¤��ãq¥Q6N¯®¼F (in thenominalcase).This impliesthat theabove resultsonly
applyfor feedrate�VDUT W�Y-[ »/'áT�»¼�j. ¡§£�¤ �rq�F9»6q¥Q6N¯®¼FS�^F/NP°R²!® [kmol/min].

We now want to studyhow thecolumnshouldbeoperatedalsofor other(larger) desiredfeedrate.
Weusethetermdesired,ratherthangiven,sincewe find thatit is not economicto increasethefeedrate
above acertainvalue.

3Thereareotherpossiblechoicesfor controlling K Ã , e.g. we couldusethedistillateflow Î . However, Ï hasa moredirect
effect.
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Imagine,that it is your job to optimizethe profit of the column. You will thenfind that it is not
profitableto accepttoo largefeedrates,becausewhen T reachesTXWZY±[ , youareforcedto giveupbottom
purity andto putalargerfractionof thelight componentinto thebottomproductwhichhasalowerprice
thanthe feed. Somemorecarful thinking, revealsthat if you have reachedT��ãTXWZY-[ andarefree to
decideon thefeedrate,thenyou shouldtry to optimize

� »RT (insteadof
� »¼� asdoneabove). With the

givencolumndata,wefind that ' � »RT�. ¡§£�¤ �^F/NP²R²/q [$/kmol] is obtainedwhen I � �^F/NÄF!O , TZ»¼�r�rq¥p6N¯®R®
and ��»¼�V�mq¥p6N?q¥Q . Thus,with TXWZY±[ú�mq�F [kmol/min], theoptimalprofit is obtainedwith a feedrateof�B¡§£�¤B�rq�F9»6q¥p6N¯®R®è�^F/N¯®�
R² [kmol/min].

Sincethedistillateis themorevalueableproduct,it is optimalin all cases,alsowith capacitylimits,
to keepthedistillate productat its specificationIKJ �ÜF/NPORORQ . We thenhave the following threecases
dependingon thedesiredfeedrate:

1. Low desired (given) feedrates; �VD�F/NP°R²!® [kmol/min]). This is thecasewestudiedabove where
thecolumnoperatesbelow its capacitylimit ontheboilup T . Theoptimalsolutionisunconstrained
in onevariable,andthenominallyoptimalvalueof I � is 0.04in thiscase.

Proposedcontrol system.H � is usedto keep IKJ{�^F/NPORORQ .H T is adjustedto keep T�»¼���ðq¥Q6N¯®¼F constant

This is the“alternative controlsystem”proposedabove,but is chosenherebecausewecanusethe
samecompositioncontrollerasfor cases2 and3 (below).

2. Intermediate desired (given) feedrates; F/NP°R²!® � � � F/N¯®�
R² [kmol/min]. Thecolumnoperates
optimally at maximumcapacityTð�ËT�W�Y-[ú�ðq�F [kmol/min], andthereareno remainingdegrees
of freedom(i.e. we have “active constraintcontrol”).

Proposedcontrol system.H � is usedto keep IKJ{�^F/NPORORQ .H T is keptconstantat TXWZY-[ . (As � is increasedfrom 0.637to 0.783,thevalue IK� of increases
from 0.04and0.09).

3. Large desired feedrates; � ³ÜF/N¯®�
R² [kmol/min]). The columnoperatesat maximumcapacityT � TXWZY±[�� q�F [kmol/min] andwe shouldkeep � �ªF/N¯®�
R² to maximize
� »RT . In this case

thecolumnis a bottleneckfor theplantasit is not economicto have higherfeedratesbecausetoo
muchvalueableproductwill be lost in the bottomsproduct. Thus,the feedratebecomesa third
degreeof freedomin theoptimization,andtheoptimal solutionis unconstrainedin this variable
(thenominallyoptimalvalueof IK� is 0.09in thiscase).

Proposedcontrol system.H � is usedto keep IKJ{�^F/NPORORQ .H T is keptconstantat T WZY±[ ��q�F .H � is adjustedto keep TZ»¼�r�rq¥p6N¯®R® constant(this is betterthankeeping� constant)

Thethreeabove casesfor thedesiredfeedratecaneasilybeimplementedin a singlecontrolsystem
usingsomesimplelogic.

In summary, thedistillation casestudyshows the importanceof selectingthe right controlledvari-
ableswhenimplementingtheoptimalsolution.Wenotethattheimplementationerrorwasnot important
in this casestudy, but we stressthat it shouldbe includedin theanalysis.For example,the implemen-
tation error is the main reasonwhy we rarely selecttemperaturesnearthe columnendsascontrolled
variables(becausethemeasurementerroris too largecomparedto its sensitivity).
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6 Discussion

6.1 Previous work

Inspiredby thework of Findeisenetal. (1980),thebasicideaof self-optimizingcontrolwasformulated
almosttwentyyearsagoby Morari etal. (1980).They write that“in attemptingto synthesizeafeedback
optimizing control structure,our main objective is to translatethe economicobjectives into process
controlobjectives.In otherwords,wewantto finda function � of theprocessvariableswhich whenheld
constant,leadsautomaticallyto theoptimaladjustmentsof themanipulatedvariables,andwith it, the
optimal operating conditions. [...] This meansthat by keepingthe function �R')&+*-,/. at thesetpoint ��� ,
throughtheuseof themanipulatedvariables& , for variousdisturbances, , it follows uniquelythat the
processis operatingat theoptimal steady-state.” If we replaceithe term “optimal adjustments”by by
“acceptableadjustments(in termsof theloss)”thentheaboveisaprecisedescriptionof aself-optimizing
controlstructure.Theonly factorthey fail to consideris theimplementationerror , Í �Ë�a��� � . Morari
et al. (1980)alsoproposeto selectthe bestsetof controlledvariablesbasedon minimizing the loss
(“feedbackoptimizingcontrolcriterion1”). They alsoproposethatMonteCarlosimulationsshouldbe
usedto evaluatethelossif thedisturbanceshave aprobabilitydistribution.

As a minor remarkwe mentionthatMorari et al. (1980)claim that “ideally onetries to select� in
suchawaysuchthatsomeor all theelementsin � areindependentof thedisturbances, .” Thisstatement
is generallynot true,becausewe needto beableto detectthedisturbancesthroughthevariables� . A
betterrequirementis thattheoptimalvaluesof theelementsin � areinsensitive to disturbances, (this is
requirement1 presentedearlier).

The ideasof Shinnar(1981), who makes useof “dominant variables”,and Luyben (1988), who
introducedthe term “eigenstructure”,aresimilar to the onespresentedin this paper, but they have a
moreintuitive process-orientedapproach.

Let usfirst considerthe interestingwork of Shinnar(1981)which mayat first seemunrelated.He
introducesthefollowing setsof variablesHÓÒ £ (the“primary” or “performance”or “economic”variables)is “the setof processvariablesthat

definetheproductandprocessspecificationsaswell asprocessconstraints”HÓÒ°Ô is thesetof dynamicallymeasuredprocessvariablesHÓÒ Í Ô (asubsetof Ò°Ô ) is the“setof processvariablesonwhichwebaseourdynamiccontrolstrategy”H�Õ�Ô is thedynamicinputvariables

Thegoal is to maintain Ò £ within prescribedlimits andto achieve this goal “we choosein mostcases
a small set Ò Í Ô and try to keeptheseat a fixed set of valuesby manipulating ÕÖÔ ” (later, in Arbel et
al. (1996),he introducedthe term “partial control” to describethis idea). He writes that the overall
control algorithmcannormally be decomposedinto a dynamiccontrol system(which adjust ÕÖÔ ) and
a steady-statecontrolwhich determinesthesetpointsof Ò Í Ô aswell asthevaluesof Õ � [the latterare
themanipulationswhich only canbechangedslowly], andthatwe “look for a set Ò Í Ô * Õ�Ô thatcontains
variablesthat have a maximumcompensatingeffect on Ò £ ”. If onetranslatesthe wordsandnotation,
thenonerealizesthat Shinnar’s ideaof “partial control” is very closeto the ideaof “self-optimizing
control” presentedin this paperand in Morari et al. (1980). Specifically, set &r� Õ�Ô (manipulated
variables),Î W � Ò°Ô (measurements)and � � Ò Í Ô (controlledvariables),andinterpret � asconsistingof
someweightedsumof the(unconstrained)variablesin Ò £ , e.g. �l�¼× Ò £k� Ò £Ú��× where ×9�$× represents
someappropriatenorm(possiblyweighted)and Ò £Ú� arethesetpointsof theprimaryvariables,andwe
seethat this is the sameproblemasstudiedin this paper(the differenceis that Shinnarassumesthat
thereexist at the outseta setof “primary” variablesÒ £ that needto be controlled,whereaswe in this
paperassumethatthestartingpoint is aneconomiccostfunctionthatshouldbeminimized).

In Shinnar(1981)acasestudyof afluidizedcatalyticcracker(FCC)ispresentedwherethecontrolled
variablesareselectedmainly basedon processinsight(“our mainconcernis to controltheheatbalance
andthesetof Ò Í Ô is chosenaccordingly”). Thus,theapproachfor selectingthecontrolledvariablesis
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mostly basedon physicalinsight. The later paperby Arbel et al. (1996)is similar to Shinnar(1981),
but it extendsthe FCC casestudy and introducesthe conceptsof “dominant variables”and “partial
control”4. Thedominantvariablesaretheprocessvariablesthat tendto dominatetheprocessbehavior,
for example,thetemperaturein areactor, andwhichthereforeshouldbeselectedascontrolledvariables.
Theauthorsprovide someintuitive ideasandexamplesfor selectingdominantvariableswhich maybe
usefulin somecases,especiallywhenno modelinformationis available. However, it is not clearhow
helpful theideaof “dominant” variableis, sincethey arenot really definedandno explicit procedureis
givenfor identifying them. Indeed,Arbel et al. (1996)write that “the problemsof partial controlhave
beendiscussedin a heuriticway” andthat “considerablyfurther researhis neededto fully understand
theproblemsis steady-statecontrolof chemicalplants”. It is believedthattheapproachpresentedin this
paper, basedon usinga steady-statemodelto evaluatethe(economic)loss,providesan importantpart
of thismissingtheoreticalframework.

Tyreus(1999)providessomeadditionalinterestingideasonhow to selectdominantvariables,partly
basedon the extensive variableideaof Georgakis(1986)andthe thermodynamicideasof Ydstie, but
againnoprocedurefor selectingsuchvariablesarepresented.Again,it is believedthatamoresystematic
approach,basedonapplyingthefour requirementin Section3.2,or (evenbetter)evaluatingtheloss,will
confirmtherecommendationsgivenby Tyreus(1999).

Luyben(1988)introducedtheterm“eigenstructure”to describetheinherentlybestcontrolstructure
(with thebestself-regulatingandself-optimizingproperty).However, hedid not really definetheterm,
andalsothenameis unfortunatesince“eigenstructure”hasa anotherunrelatedmathematicalmeaning
in termsof eigenvalues.Apart from this, Luybenandcoworkers(e.g. Luyben(1975),Yi andLuyben
(1995))havestudiedunconstrainedproblems,andsomeof theexamplespresentedpoint in thedirection
of theselectionmethodspresentedin this paper. However, Luybenproposesto selectcontrolledouputs
whichminimizesthesteady-statesensitive of themanipualtedvariable( & ) to disturbances,i.e. to select
controlledoutputs( � ) suchthat 'ÙØ¢&z»�ØÀ,6.7Í is small, whereaswe really want to minimize the steady-
statesensitivity of theeconomicloss( � ) to disturbances,i.e. to selectcontrolledoutputs( � ) suchthat'ÙØ¢�Ù»�Ø¢,/.7Í is small.

Fisheretal. (1988)discussselectionof controlledvariables,mainlyfocusedtowardsactiveconstraint
control.However, somewhathiddenin theirHDA example(p. 614)onefindsstatementsaboutselecting
controlledvariableswhich optimal valuesare insensitive to disturbances(requirement1 for variable
selectionpresentedin thispaper).

In accordancewith the approachpresentedin this paper, Narraway et al. (1991), Narraway and
Perkins(1993)andNarraway andPerkins(1994))stronglystresstheneedto basetheselectionof the
controlstructureon economics,andthey discusstheeffectof disturbanceson theeconomics.However,
they donot formulateany rulesor proceduresfor selectingcontrolledvariables.

Marlin andHrymak(1997)stresstheneedto find a goodway of implementingtheoptimalsolution
in termshow the control systemshouldrespondto disturbances,“i.e. the key constraintsto remain
active, variablesto be maximizedor minimized,priority for adjustingmanipulatedvariables,andso
forth.” They suggestthatanissuefor improvementin today’s real-timeoptimizationsystemsis to select
the control systemthat yields the highestprofit for a rangeof disturbancesthat occur betweeneach
executionof theoptimization.This is similar to theideaspresentedin thispaper.

Finally, Zhengetal. (1999)presentaprocedurefor selectingcontrolledvariablesbasedoneconomic
penaltiesthatis similar to theapproachpresentedin thispaper(apparently, thework hasbeenperformed
independently),but they donotconsidertheimplementationerror. Theprocedureis appliedto areactor-
separator-recycle system.

In summary, it is clearthatmany authorshavebeenawareof theimportanceof theideaspresentedin
this paper. Themaincontribution of thepresentpaperis to bring theideastogetherandformulatethem

4The term “partial control” or “partially controlledsystem”is usedby otherauthors(Waller et al. 1988) (Skogestadand
Postlethwaite1996)in a moregeneralsense,to meanthe systemasit is seenfrom somehigherlayer in the control hierarchy
with someloopsalreadyclosed(e.g.a plantwherethelevel loopsareclosed).For a partially controlledsystem,thesetpointsto
thelower loops(e.g. level setpoints)replacethe“consumed”manipulatedvariables(e.g.flows)asdegreesof freedom.
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moreclearly, andto presentsomecasestudies.

6.2 Region of feasibility

In this paperwe have evaluatedthe (economic)loss for disturbancesof a given magnitude.Another
importantissueto consideris theregion of feasibility (stability) (Zhenget al. 1999).Wecouldevaluate
feasibility loss, definedas the differencebetweenthe disturbanceregion wherefeasibleoperationis
possible(usingtheoptimal & ) andthedisturbanceregionwe canhandlewith constantvaluesof � , to be
assmallaspossible.

For example,considera casewherethereis an inequality constrainton an input variablewhich
optimally is activeonly undercertainconditions(disturbances),but thisconstrainedinputvariableis not
includedasacontrolledvariable.Hereonemustbecarefulto avoid infeasibilityduringimplementation,
for example,theremaybeadisturbancesuchthatthespecifiedvalueof thecontrolledvariablecanonly
beachievedwith anonphysicalvalueof theinput (e.g.a negative flowrate).

The on-line optimizationis usuallyfor simplicity basedon the nominaldisturbance( , 3 ), andtwo
approachesto avoid infeasibility in suchacaseareto

1. use“back-offs” for thesetpointsduringimplementation(Narraway etal. 1991),or

2. add“safetymargins” to theconstraintsduringthe(nominal)optimization

Oneapproachfor obtainingthe valuesfor the back-offs or safetymargins may be to solve a “robust
optimizationproblem” (Glemmestad1997))whereoneconsidersall possibledisturbances.Thereis
clearlyaneedfor moreresearchin this area.

A third, andbetterapproachin termsof minimizing theloss,is to tracktheactiveconstraint,but this
requiresa morecomplex controlsystem.In particular, modelpredictive control is very well suitedand
muchusedfor trackingactive constraints.

6.3 Additional examples

Additional examplefor selectingcontrolledvariablesareavailablein a numberof conferencepublica-
tionsandPh.D.theses,e.g.H Ph.D.thesisof Morud (1995),chapter8: CSTRwith chemicalreactionH Ph.D.thesisof Glemmestad(1997):Applicationto heatexchangernetworks;specialemphasison

feasibility issues.H Ph.D.thesisof Havre (1998):Applicationto selectionof temperaturelocationin distillation.H HalvorsenandSkogestad(1997)andHalvorsenandSkogestad(1998): Applicationto integrated
Petlyukdistillation columns.

Thepapersandthesesareavailableover theinternet.
ThePetlyukdistillation exampleis particularlyinterestingbecausein this casethechoicesof con-

trolledvariablesmakeabig difference(whereasthedifferencesfor therathersimpleexamplespresented
in thispaperadmittedlywerequitesmall).

7 Conclusion

In this paperwe have presenteda systematicprocedurefor selectingcontrolledvariables� basedon
evaluatingwith constantsetpoints��� theloss �ú�ñ�  #"g$ for possibledisturbances.If thelossis acceptable
then we have “self-optimizing” control. The procedurerequiresa steady-stateprocessmodel and a
cleardefinitionof thecostfunction � to beminimizedduringoperation(obviously, without sucha cost
functiononecannotjudgewhatoperationis thebest).Theprocedurewasappliedto threeexample;to a
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simple”toy” example,to asomewhatacademicCSTRexample,andfinally to amorerealisticdistillation
columnexample.

To assistin selectinggoodcandidatevariablesoneshouldlook for variablesthatsatisfythefollowing
requirements:

Requirement 1. Its optimalvalueis insensitive to disturbances

Requirement 2. It is easyto measureandcontrolaccurately

Requirement 3. Its valueis sensitive to changesin themanipulatedvariables

Requirement 4. For caseswith two or morecontrolledvariables,theselectedvariablesshouldnot be
toocloselycorrelated.

Oneproblemis that in generalit not is clearoffhandif a self-optimizingstructureexists,andgoing
throughthe variousalternatives, for exampleusingthe given procedure,canbe quite tedious. On the
otherhand,sincethe issueof finding goodcontrolledvariablesis a structural problem,thenwe often
find thata goodstructureobtainedfor a particularcase,alsoworkswell on anothersimilar processcase
with differentparametervalues.Thus,if we canactuallyfind a self-optimizingstructurefor a process,
thenit is almostlike aninvention(andmaypobablyevenbepatented).

Acknowledgment. Theideasin this paperhavedevelopedgraduallyover several years. Valuable
discussionswith J.C.Morud,I.J. Halvorsen,T. Larsson,K. Havre, B.GlemmestadandM.S.Govatsmark
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