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1 Introduction

Thispaperaddressestheselectionof controlledvariablesfor theTenesseeEastmanprocess.Webasethe
selectionontheconceptof self-optimizingcontrolusingsteadystatemodelsandsteadystateeconomics.

“Self-optimizing control” is when an acceptable(economic)loss can be achieved using constant
setpointsfor thecontrolledvariables,without theneedto reoptimizewhendisturbancesoccur(Morari et
al. 1980)(Skogestad2000).Theconstantsetpointpolicy is simple,but it will not beoptimal (andthus
have apositive loss)dueto thefollowing two factors

1. Disturbances,i.e. changesin (independent)variablesandparameterscomparedto their nominal
values,whichcausetheoptimalsetpointsto change.

2. Implementationerrors,i.e. differencesbetweenthesetpointsandtheactualvaluesof thecontrolled
variables(e.g.dueto measurementerrorsor poorcontrol)(Skogestad2000).

Theeffectof thesefactors(theloss)dependson thechoiceof controlledvariables,andtheobjective
is to find asetof controlledvariablesfor which thelossis acceptable.

DownsandVogel(1993)introducedtheTennesseeEastmanchallengeproblematanAIChE meeting
in 1990.Thepurposewasto supplytheacademicswith aproblemthatcontainedmany of thechallenges
thatpeoplein industrymeet. Thereareeightcomponents,includingan inert (B) anda byproduct(F).
Thereactionsare

A(g) + C(g) + D(g) � G(liq) (Product)
A(g) + C(g) + E(g) � H(liq) (Product)

A(g) + E(g) � F(liq) (Byproduct)
3D(g) � 2F(liq) (Byproduct)

Theprocesshasfour feedstreams(of A, D, E andA+C), oneproductstreamandonepurgestream.
The inert (B) entersin the A+C feedstream.The processhasfive major units; a reactor, a product
condenser, avapor-liquid separator, a recyclecompressorandaproductstripper, seeFigure1. Thereare
41 measurementsand12 manipulatedvariables.We herestudytheoptimaloperationof thebasecase
(mode1) with a given50/50productratiobetweencomponentsG andH, anda givenproductionrate.

This plant hasbeenstudiedby many authors,and it hasbeenimportant for the developmentof
plantwidecontrolasafield. Many authorshasusedit to demonstratetheirprocedurefor thedesignof a
controlsystem,e.g.seeLarssonandSkogestad(2000)for a review of thevariousapproaches.We here
only considertheselectionof controlledvariables.

McAvoy andYe (1994)selectthecontrolledvariablesin a somewhatad hoc fashion.In additionto
theliquid levels,they controlreactortemperature,reactorpressure,recycle flow rate,compressorwork,
concentrationof B (inert) in purge,concentrationof E in productflow.

LymanandGeorgakis(1995)recommenda controlstructurewherethefollowing variablesarecon-
trolled: Reactortemperature,reactorlevel, recycle flow rate,agitationrate,compositionof A, D andE
in reactorfeed,compositionof B (inert) in purge andcompositionof E in product. Even thoughthey
considerthe operationcost for the control structure,it cannever becomeoptimal sincevariablesthat
shouldbekeptat their constraintsareusedin controlloops(like therecycle valve).

The approachof Ricker (1996) is similar to the one in this paper. First, he choosesto control
the variableswhich optimally shouldbe at their constraints(“active constraintcontrol”). Second,he
excludesvariablesfor which the economicoptimal valuevariesa lot. This is in agreementwith the
the conceptof self-optimizingcontrol. He endsup controlling recycle valve position (at minimum),
steamvalve position (at minimum), reactorlevel (at minimum), reactortemperature,compositionof
C in reactorfeed, and compositionof A in reactorfeed. He notesthat it is importantto determine
appropriatesetpointvaluesfor thelatterthreecontrolledvariables.

Luybenet al. (1997)(correctly)setsagitationrateandthe recycle valve at their constraints.They
chooseto control the reactorpressure,reactorlevel, separatortemperature,strippertemperature,ratio
betweenE andD feedrates,A in purge,andB (inert) in purge.
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Figure1: TennesseeEastmanprocessflowsheet

Ng andStephanopoulos(1998)proposesto usea mutivariablemodularcontrollerto controlreactor
temperature,reactorlevel, reactorpressure,G in productflow, strippertemperature,C in reactorfeed,A
in reactorfeedandB (inert) in purgeflow.

Tyreus(1999)usedathermodynamicapproachto solvetheproblem.He(correctly)setstheagitation
on full speed,closesthesteamvalve andtherecycle valve. In additionhecontrolsreactortemperature,
reactorpressure,reactorlevel andA in reactorfeedandB (inert) in purgeflow.

To summarize,mostauthorsdo not controlall thevariableswhich areconstrainedat theoptimum,
thusthey cannot operateoptimally in the nominalcase.Most control reactorpressure,reactorlevel,
reactortemperatureandcompositionof B (inert) in reactorfeedor in purge. It is commonto control
strippertemperature,separatortemperature,andcompositionof C and/orA in reactorfeed.

2 Stepwise procedure for self-optimizing control

Themainobjectiveof operation,in additiontostabilization,is to optimizetheeconomicsof theoperation
subject,e.g in termsof minimizing theeconomiccostfunction � . To achieve truly optimal operation
we would needa perfectmodel, we would needto measureall disturbances,andwe would needto
solve the resultingdynamicoptimizationproblemon-line. This is unrealistic,andthequestionis if it
is possibleto find asimplerimplementationwhichstill operatessatisfactorily (with anacceptableloss).
More precisely, the loss � is definedasthedifferencebetweentheactualvalueof thecostfunctionand
thetruly optimalvalue,i.e.

���	��
�������
Self-optimizing control iswhenwecanachieveanacceptableeconomiclosswith constantsetpointvalues
for thecontrolledvariables(without theneedto reoptimizewhendisturbancesoccur).This soundsvery
simple,but it is notnecessarilyclearfor agivenproblemwhatthesecontrolledvariablesshouldbe.The
mainobjective of thispaperis to searchfor asetof controlledvariableswhich resultsin self-optimizing
controlfor theTennesseeEastmanprocess.

We will apply the stepwiseprocedurefor self-optimizingcontrol of Skogestad(2000). The main
stepsare

1. Degreeof freedomanalysis
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2. Definition of optimaloperation(costandconstraints)

3. Identificationof importantdisturbances

4. Optimization

5. Identificationof candidatecontrolledvariables

6. Evaluationof the losswith constantsetpointsfor thealternative combinationsof controlledvari-
ables(causedby disturbancesor implementationerrors)

7. Final evaluationandselection(includingcontrollabilityanalysis)

Skogestad(2000)appliedthis stepwiseprocedureto a reactorcaseanda distillation case,but in both
casestherewereonly oneunconstraineddegreeof freedom,sotheevaluationin step6 wasmanagable.
However, for theTennesseeEastmanprocesstherearethreeunconstraineddegreesof freedom,so it is
necessaryto dosomemoreeffort in step5 to reducethenumberof alternatives.Wepresentbelow some
generalcriteriathatareusefulfor eliminatingcontrolledvariables.

3 Degrees of freedom analysis and optimal operation

The processhas12 manipulatedvariables,41 measurementsand20 disturbances.In addition,all the
manipulatedvariableshave constraintsandthereare“output” constraints,includingequalityconstraints
onproductqualityandproductrate.

DownsandVogel(1993)specifytheeconomiccost � [$/h] for theprocess,whichis to beminimized.
In words,

����������������� ��!#"�$%!'&�()�+*,!-���.*0/21435��6-(�!#/87915�+�+7#35:;&<�+=?> (1)

�@�A&�(A!'$B:;���C&<�+=?>D��:E��$F14��(C���A*G�H/I:E�+�C&���=
Thefirst termdominatesthecost.

An analysis,seeTable1, show that thereareeight degreesof freedomat steadystatewhich may
be usedfor steady-stateoptimization. Ricker (1995)solved the optimizationproblemusing the cost
functionof DownsandVogel(1993)andgivesa goodexplanationon whathappensat theoptimum.At
theoptimumtherearefiveactiveconstraintsandtheseshouldbecontrolledto achieveoptimaloperation
(at leastnominally).

This leaves threeunconstraineddegreesof freedom,which we want to selectsuchthat a constant
setpointspolicy resultsin anacceptableeconomicloss(self-optimizingcontrol).

4 Disturbances

A closeranalysisrevealsthat disturbances3, 4, 5 and7 have no steady-stateeffect on the economics
provided we make appropriateuseof theavailablemanipulatedvariables.For example,disturbance4
(a stepin the reactorcooling waterinlet temperature),is easilycounteractedby increasingthe reactor
coolingwaterflowrate;thusthis disturbancewill have no impacton theeconomicsprovidedwe adjust
thecoolingrate.Similarargumentscanbemadefor disturbance3, 5 and7, providedwemanipulatethe
reactorcoolantflow, separatorcoolingwaterflow andtheA+C feedrate.Disturbance6 (lossof feedA)
is consideredto besoseriousthat it shouldbehandledby overrides,thereforeit is not includedin this
study.

This leavesonly thefollowing threedisturbances:
J Disturbance1: Changein A/C ratio in feedstream4
J Disturbance2: Changein fractionof B (inert) in feedstream4
J Throughputdisturbances:Changein productionrateby KFLAM %.
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Manipulatedvariables 12
D feedflow

E feedflow

A feedflow

A + C feedflow

Compressorrecycleflow

Purgeflow

Separatorliquid flow

Stripperliquid productflow

Strippersteamflow

Reactorcoolingwaterflow

Condensercoolingwaterflow

Agitatorspeed

- Levelswithoutsteadystateeffect 2
Separatorlevel

Stripperlevel

- Equalityconstraints 2
Productquality

Productionrate

= Degreesof freedomat steadystate 8
- Activeconstraintsat theoptimum 5

Reactorpressure

Reactorlevel

Compressorrecyclevalve

Strippersteamvalve

Agitatorspeed

= Unconstraineddegreesof freedom 3

Table1: Degreesof freedomandactiveconstraints.

Weusethesamecontraints(andsafetymargins)asgivenby Ricker(1995).Optimizingtheoperation
with respectto thethreeunconstraineddegreesof freedom,resultedin thesameoptimalvaluesasfound
by Ricker (1995). Theoptimal (minimum)operationcostis 114.323$/h in thenominalcase,111.620
$/h for disturbance1, and169.852$/h for disturbance2.

Wedefinean“acceptableloss” to be6 $/hwhensummedover thedisturbances.

5 Selection of controlled variables

What shouldwe control? More precicely, we have 8 degreesof freedomat steadystate,andwe want
to select8 controlledvariableswhich areto becontrolledat constantsetpoints.We canchoosefrom 41
measurementsand12 manipulatedvariables,so thereare53 candidatevariables.Even in thesimplest
case,wherewe do not considervariablecombinations(suchasdifferences,ratios,andsoon), thereare

M�NPOCM�QPO�MRL.OCM+STOAU#VPO)U#WTOAU'XYO)U#Z
WPOHXPOHZYOHMYOAUTOHNTOCQPO�L �[W�W�ZPO#L)S�\

possiblecombinations. It is clearly impossibleto evaluatethe loss with respectto disturbancesand
implementationerrorsfor all thesecombinations.

To proceed,oneapproachis to selectasmallersubsetof candidates,for example,basedon physical
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insight.Alternatively, onemayconsiderthefour requirementsfor a “good” controlledvariablegivenby
(Skogestad2000):

Requirement 1. Its optimalvalueshouldbeinsensitive to disturbances

Requirement 2. It shouldbeeasyto measureandcontrol

Requirement 3. Its valueshouldbesensitive to changesin themanipulatedvariables(alternatively, the
optimumshouldbe“flat” with respectto thisvariable)

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

However, theserequirementsrequirequite a lot of effort with respectto optimization,andareat the
sametime ratherqualitative. We thereforewant to find somemorequantitative criteria for eliminating
variables,until we areleft with amanagablenumber.

The following criteria areproposedto reducethe numberof alternatives. Most of themarerather
obvious,but neverthelesswe find themuseful.

1. Active constaintcontrol: We chooseto control theactive constraints.This reducesthenumberof
controlledvariablesto beselected(in ourcasefrom 8 to 3). Of course,wemustalsoeliminatethe
correspondingvariablesfrom furtherconsideration.

2. Eliminatevariablesrelatedto equalityconstraints

3. Eliminatevariableswith noeffect on theeconomics(i.e. with no steady-stateeffect)

4. Eliminate/groupcloselyrelatedvariables

5. Processinsight: Eliminatefurthercandidates

6. Eliminatesinglevariableswhichwith constantsetpointsyield infeasibilityor largelosswhenthere
are(1) disturbances(with the remainingdegreesof freedomreoptimized)or (2) implementation
errors.

7. Eliminatecombinations(pairs,triplets,etc.)of variablesthatyield infeasibility or largeloss

After thiswe enterinto thefinal evaluation:

8. Evaluationof disturbancelossfor remainingcombinations

9. Evaluationof implementationloss

5.1 Active constraint control

As mentioned,thereare5 activeconstraints.3 of theconstraintsarerelatedto themanipulatedvariables
(compressorrecycle, strippersteam,agitatorspeed);this eliminates3 manipulatedvariablesandalso1
directly relatedmeasurement(strippersteam).2 of theconstraintsarerelatedto outputs(reactorlevel
andpressure);thiseliminatesanother2 measurements.

We arenow left with 38 measurementsand9 manipulatedvariables,from which we want to select
3 unconstrainedcontrolledvariables.This gives16215possiblecombinations,which is still muchtoo
large.

5.2 Eliminate variables related to equality constraints

Theequalityconstraintsmustbesatisfied,andif therearedirectly relatedvariablesthenthesemustbe
eliminatedfrom furtherconsideration.
J Thestripperliquid flow (productrate)is directly correlatedwith productionrate(which is spec-

ified) andshouldnot be kept constant(eliminates1 manipulatedvariablesand1 directly related
measurement).
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J Theratio of componentsG andH in theproductis specified;thiseliminatesat leastthecombined
useof themeasurementsof G andH in product.

5.3 Eliminate variables with no steady-state effect

Two variableshave no steady-stateeffect, namelystripperlevel andseparatorlevel (eliminates2 mea-
surements).(Of course,we needto measureandcontrolthesetwo variablesfor stabilization,but weare
hereconcernedwith thenext controllayerwherethesteady-stateeconomicsarethemainconcern).

5.4 Eliminate/group closely related variables

Thecontrolledvariablesshouldbeindependent(requirement4).
J Six of the remainingmanipulatedvariablesare measured(A feed, D feed, E feed, A+C feed,

stripper liquid flow, purge flow) that is, there is a one to one correlationwith a measurement
(eliminates5 mesurements).

J Hestetun(1999)consideredseveralpairsof variablesandfound that thereis a only smalldiffer-
encesbetweencontrollingthecompositionin thepurgeflow andin thereactorfeedWe therefore
eliminatereactorfeedcomposition(eliminates6 measurements)

Note that thechoiceof which variablesto keepandwhich to eliminatewasmoreor lessarbitrary,
but sincethevariablesarecloselyrelatedit doesnotmattervery muchin thefurtheranalysis.Themain
ideais to keeponevariablein eachgroupof relatedvariables.

5.5 Process insight: Eliminate further candidates

Basedon understandingof theprocesssomefurthervariablescanbeexcludedform thesetof possible
candidatesfor control:

J Thepressuredropsshouldbeassmallaspossible,thuswith constantreactorpressure,thepressures
in separatorandstrippershouldbeallowedto float (eliminates2 measurements).

J Thecondenserandreactorcoolingwaterflowratesshouldnot beheldconstant,sincethatwould
imply alossfor disturbances4 and5 (eliminates2 manipulatedvariables).For thesamereasonwe
shouldnotkeepthereactorandseparatorcoolingwateroutlettemperaturesconstant(eliminates2
measurements).

J Theseparatorliquid flow is stronglycorrelatedwith theproductionrate(which is specified)and
shouldnotbekeptconstant(eliminates1 manipulatedvariable)

J The fractionsof G in productandH in productshouldbe equal(specified),so by keepingone
of thesefractionsconstant,we will idirectly specify their sum, which is optimally about0.98.
However, their sumcannotexceed1.0,sotakinginto accountthe implementationerror it is clear
thatwe cannot keepG in productor H in productconstant(eliminates2 measurements).

5.6 Eliminate single variables that yield infeasibility or large loss

The ideais to keepa singlevariableconstantat its nominally optimal value,andevaluatethe lossfor
(1) variousdisturbances(with theremainingdegreesof freedomreoptimized),and(2) for theexpected
implementationerror. If operationis infeasibleor thelossis large,thenthis variableis eliminatedfrom
furtherconsideration.

Infeasibility. Keepingoneof thefollowing four manipulatedvariablesconstantresultsin infeasible
operationfor disturbance2 (inert feedfraction):D feedflow, E feedflow , A+C feedflow (stream4) and
purgeflow. Thisis independentonhow thetwo remainingdegreesof freedomareused,seeTable2. This
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is furtherillustratedin Figure2, whereweseethatthenominallyoptimalpurgerateresultsin infeasable
operationfor disturbance2. Wealsoseefrom Figure2 thatasmalllnegative implementationerrorin the
purgeratewill yield infeasibility.

Variable Nominalvalue Nearestfeasiblevalue
(constant) with disturbance2

D feedrate[kg/h] 3657 3671
E feedrate[kg/h] 4440 4489
A+C feedrate[kscmh=kSm] /h] 9.236 9.280
Purgerate[kscmh] 0.211 0.351

Table2: Singlevariableswith infeasibility for disturbance2

Figure2: Costasa functionof purgerate(with theremainingtwo degreesof freedomoptimized)

Loss. We have now left 1 manipulatedvariable(A feedflow) and17 measurements.Table3 shows
theloss(deviation above optimalvalue)for fixing oneof these18 variablesat a time,andreoptimizing
with respectto theremaningtwo degreesof freedom.Thelosseswith constantA feedflow andconstant
reactorfeedrateare totally unacceptablefor disturbance1 (eliminates1 manipulatedvariableand 1
measurement),in fact,we could probablyhave eliminatedtheseearlierbasedon processinsight. The
remaining15 measurementsyield reasonablelosses.However, we have decidedto eliminatevariables
with a loss larger than6 $/h whensummedfor the threedisturbances.This eliminatesthe following
5 measurements:separatortemperature,strippertemperature,B (inert) in purge,G in purge,andH in
purge.

5.7 Eliminate pairs of constant variables with infeasibility or large loss

Wearenow left with 11candidatemeasurements.thatis, �<L�L^O,L)S?O�V�=�_R�@N`OaQ�=��bLAZ�M possiblecombinations
of threevariables.

The next naturalstepis to proceedwith keepingpairsof variablesconstant,andevaluatethe loss
with theremainingdegreeof freedomreoptimized.However, thereare55combinationsof pairs,sothis
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Fixedvariable Disturbance1 Disturbance2 Throughput+15/-15%
A feedflow

�
709.8 6.8

Reactorfeedflow
�

53.5 0.5
Recycle flow 0.0 0.8 0.5/ 0.3
ReactorTemp. 0.0 0.9 1.2/ 0.7
SepTemp.

�
0.0 0.5 4.2/ 2.3

StripperTemp.
�

0.1 0.3 4.3/ 2.3
CompressorWork 0.0 0.6 0.2/ 0.1
A in purge 0.0 0.7 0.4/ 0.2
B in purge

�
0.0 7.4 3.1/ 1.6

C in purge 0.0 0.5 0.1/ 0.1
D in purge 0.0 0.0 0.2/ 0.1
E in purge 0.0 0.4 0.0/ 0.1
F in purge 0.0 0.5 0.0/ 0.0
G in purge

�
0.0 0.4 4.1/ 2.2

H in purge
�

0.0 0.4 4.2/ 2.2
D in product 0.0 0.1 0.2/ 0.1
E in product 0.0 0.0 1.2/ 0.7
F in product 0.0 1.5 1.4/ 0.8

Table3: Loss[$/h] with onevariablefixedat its nominaloptimalvalueandtheremainingtwo degreesof
freedomreoptimized.Variablesmarkedwith

�
havea losslargerthan6 $/h.

doesnot resultin a largereductionin thenumberof possibilities.We thereforechooseto skip this step
in theprocedure.

5.8 Final evaluation of loss for remaining combinations

As mentioned,thereare165possiblecombinationsof threevariables.A quick screeningindicatesthat
oneof thethreecontrolledvariablesshouldbereactortemperature,whichis theonly remainingtempera-
tureamongthecandidatevariables.Furthermore,reactortemperatureis proposedby mostauthors,andit
is normallyeasyto control,sowewill now only considercombinationsthatincludereactortemperature.

A furtherevaluationshows thatwe shouldeliminateF (byproduct)in purgeasa candidatevariable,
becausethe optimumis eithervery “sharp” in this variable,or optimal operationis achieved closeto
its maximumachievablevalue(seea typical plot in Figure3). In eithercase,operationwill be very
sensitive to theimplementationerrorfor this variable.

Thelossesfor theremainingVcO�W�_+Qd�DN�Z possiblecombinationsof 2 variablesareshown in Table4.
Not surprising,keepingbothrecycle flow andcompressorwork constantresultsin infeasibility or large
lossfor disturbance2 andfor feedflow changes.This is asexpected,becausefrom processinsightthese
two variablesarecloselycorrelated(andwe couldprobablyhave eliminatedoneof themearlier).

We notethatconstantF in productin all casesresultsin a large lossor infeasibility for disturbance
2. This,combinedwith theearlierfinding thatwe shouldnot controlF in purge,leadsto theconclusion
thatit is not favorableto controlthecompositionof byproduct(F) for thisprocess.

Thefollowing four caseshave asummedlossof lessthan6 [$/h]:

Case I. Reactortemperature,Recycleflow, andC in purge(loss3.8).

Case II. Reactortemperature,Compressorwork, andC in purge(loss3.9).

Case III. Reactortemperature,C in purge,andE in purge(loss5.1).

Case IV. Reactortemperature,C in purge,andD in purge(loss5.6).
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Figure3: Unfavorableshapeof costfunctionwith F (byproduct)in purgeascontrolledvariable.Shown for
casewith constantreactortemperatureandC in purge.

Thechoiceof Ricker (1996),with reactortemperature,A in purgeandC in purge,is somewhat less
favorablewith a summedlossof 9.8$/h.

5.9 Evaluation of implementation loss

In additionto disturbances,therewill alwaysbea implementationerrorrelatedto eachcontrolledvari-
able,thatis, adifferencebetweenits setpointandits actualvalue,e.g.dueto measurementerroror poor
control. In Figure4 we plot for “best” caseI thecostasa functionof thethreecontrolledvariables(the
plots for caseII arenearlyidenticalandarenot shown). We seethat the optimumis flat over a large
rangefor all threevariables,andwe concludethatimplementationerrorwill not causeaproblem.

To compare,we seefrom Figures5 and6 that in casesIII andIV thecostis sensitive to implemen-
tationerrors,andwe get infeasibility if purge compositionof D (caseIII) or E (caseIV) becomestoo
small.

5.10 Summary

In conclusion,controlof reactortemperature,C in purge,andrecycle flow or compressorwork (casesI
or II) resultsin asmalllossfor disturbances,hasaflat optimum(andis thusnsensitive to implementation
error),andarethereforegoodcandidatesfor self-optimizingcontrol.

5.11 Should inert be controlled?

A commonsuggestionis thatit is necessaryto controltheinventoryof inert components,that is, in our
case,to controlthemolefractionof componentB (Luybenet al. 1997)(McAvoy andYe1994)(Lyman
andGeorgakis1995)(Ng andStephanopoulos1998)(Tyreus1999).However, recallthatwe eliminated
B in purgeat anearlystagebecauseit gave a ratherlargelossfor disturbance2 (seeTablereftab:2DF).
Moreover, andmoreseriously, we generallyfind that the shapeof the economicobjective function as
a functionof B in purge is very unfavorable,with eithera sharpminimum or with theoptimumvalue
closeto infeasibility. A typical exampleof the latter is shown in Figure7. In conclusion,we do not
recommendto controlinert composition.
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Case Fixedvariables Distur- Distur- Throughput
bance1 bance2 +15% -15%

RecycleFlow Comp.Work 0.1 Infeasible Infeasible 40.4
RecycleFlow A in purge 0.0 1.2 Infeasible 9.1

I RecycleFlow C in purge 0.0 1.9 1.3 0.6
RecycleFlow D in purge 0.0 3.7 4.8 3.0
RecycleFlow E in purge 0.0 3.7 3.1 2.2
RecycleFlow D in prod. 0.2 2.6 38.0 11.9
RecycleFlow E in prod. 0.2 1.5 42.1 12.9
RecycleFlow F in prod. 0.2 37.7 1.8 0.8
Comp.Work A in purge 0.0 1.3 126.0 8.0

II Comp.Work C in purge 0.0 1.8 1.4 0.7
Comp.Work D in purge 0.0 4.0 5.5 3.6
Comp.Work E in purge 0.0 4.0 3.5 2.8
Comp.Work D in prod. 0.2 2.0 40.8 12.8
Comp.Work E in prod. 0.2 1.6 45.3 13.8
Comp.Work F in prod. 0.2 32.8 1.9 0.9

Ricker A in purge C in purge 0.0 2.4 5.3 2.1
A in purge D in purge 0.0 2.3 13.4 5.2
A in purge E in purge 0.0 2.3 10.2 4.6
A in purge D in prod. 0.0 1.6 50.5 10.6
A in purge E in prod. 0.1 1.3 54.6 11.1
A in purge F in prod. 0.1 17.0 4.5 2.1

IV C in purge D in purge 0.0 2.4 2.1 1.1
III C in purge E in purge 0.0 2.4 1.7 1.0

C in purge D in prod. 0.0 1.7 5.1 2.5
C in purge E in prod. 0.0 1.7 5.4 2.7
C in purge F in prod. 0.2 35.6 1.9 1.2
D in purge E in purge 0.0 2.6 77.3 Infeasible
D in purge D in prod. 6.2 5.4 52.6 Infeasible
D in purge E in prod. 5.5 Infeasible 52.2 Infeasible
D in purge F in prod. 0.5 Infeasible 2.4 1.0
E in purge D in prod. 4.5 5.3 54.9 Infeasible
E in purge E in prod. 3.8 Infeasible 54.3 Infeasible
E in purge F in prod. 0.5 Infeasible 1.6 0.9
D in prod. E in prod. 0.2 3.2 42.4 Infeasible
D in prod. F in prod. 0.2 Infeasible Infeasible 3.3
E in prod. F in prod. 0.2 Infeasible Infeasible 3.5

Table4: Loss[$/h] whenfixing all threedegreesof freedom.Reactortemperatureis fixedin all cases.
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(b) Constantreac.Tandrecycleflow
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(c) ConstantC in purgeandrecycleflow

Figure4: Shapeof costfunctionfor caseI
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Figure5: Shapeof costfunctionfor caseIII (with constantreactortemperatureandC in purge)
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Figure6: Shapeof costfunctionfor caseIV (with constantreactortemperatureandC in purge)
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Figure7: Typical unfavorableshapeof costfunctionwith B (inert) in purgeascontrolledvariable(shown
for casewith constantreactortemperatureandC in purge).
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6 Conclusion

In this study of the TennesseeEastmanprocess,we have focusedon the selectionof the controlled
variablesusingtheconceptof self-optimizingcontrol (acceptablelosswith constantsetpointsandwith
implementationerrors).Theconclusionis thatin additionto theconstrainedvariables,reactortempera-
ture,C in purgeandrecycle flow or compressorwork, shouldbecontrolled.

Somewhatarbitrarily, weselectedto controlreactortemperature.However, sinceourfinal candidates
hasgoodself-optimizingproperties,it is justifiable.Thisdoesnotmeanthatthey arethebestalternative,
but “acceptable”is goodenoughhere.

A very commonsuggestion,is that it is necessaryto control the inventory of inert components.
However, this choicemay leadto seriousoperationalproblemsasdemonstratedby Figure7, andin a
morecarefulevaluationwe did not find any favorablecombinationthatincludedtheinert composition.

In thepaperwehavepresentedanumberof criteriafor reducingthenumberof alternatives.However,
notethatthenumberof alternativeswouldhavebeenmuchlargerif wealsohadconsideredcombinations
of variables,suchassums,differences,ratiosandsoon. In someapplications,suchasdistillation, the
useof variablecombinationshasprovedto bevery useful.

All theanalysisin thispaperis basedon steady-stateeconomics.Wehave not saidanything on how
the proposedcontrol structureshouldbe implemented.This could be the subjectof future work, and
shouldpreferablybebasedon acontrollabilityanalysis.
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