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ABSTRACT

In a Petlyukdistillation column,two extra degreesof freedomcanbeusedfor optimisationpur-

poses.It hasbeenreportedthata typical energy saving of 30%is achievablewith aPetlyukdistil-

lation column,comparedto conventionaldistillation arrangements.However, theoptimalsteady-

stateoperationpoint canbedifficult to maintainin practice.In this work we have studiedtheper-

formanceof someself-optimisingcontrol configurationsfor the Petlyuk distillation column in

presenceof disturbancesanduncertainties.The resultsshow thatself-optimisingcontrol canbe

usedto improve the robustnessof optimaloperationby adjustinga degreeof freedomin a feed-

back control loop by keeping a suitable measurement variable at a setpoint.

1 INTRODUCTION

In mostprocessestherearesomeextra degreesof freedomthatcanbeusedfor optimisationpur-

poses.Theoptimaloperationpoint canbedifficult to maintainif disturbancesandmodeluncer-

tainty are present.Self-optimisingcontrol is an approachto solve this problemby turning the

optimisationprobleminto a setpoint problem.Thekey ideais to find a measurablevariablewith

constantvalueatoptimaloperation.If thisvariablecanbefound,afeedbackcontrolloop is closed

to keepthevariableat thesetpoint,andto keepindirectly theprocessat optimaloperation.Since

self-optimisingcontrol resultsin a feedbackcontrol loop, it will be robust againstdisturbances
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and model uncertaintiescomparedto any open loop model basedoptimisationmethods.The

applicationof self-optimisingcontrol to thePetlyukdistillation columnwasalreadyaddressedin

(HalvorsenandSkogestad,1998).Somecandidatemeasurablefeedbackvariablesfor thePetlyuk

distillationcolumnwereproposedandanalysedin aqualitativeway. Thiswork hasto beseenasa

continuationof thatonein whichamorecarefulevaluationis performed.New candidatefeedback

variableshavebeenproposedandaquantitativestudyhasbeendoneto seetheperformanceof the

controlled system in face of various process disturbances and model uncertainties.

2 ENERGY OPTIMISATION IN THE PETLYUK COLUMN

The thermallycoupleddistillation columnknown asPetlyukcolumn(Petlyuk1965),shown in

figure1, is a complex distillation arrangementto separatea ternarymixtureof A (themorevola-

tile), B (intermediatevolatility) andC (thelessvolatile).ThePetlyukcolumnhasbeengivenspe-

cial attentiondueto very high reportedenergy savings.(TriantafyllouandSmith,1992)reported

savingsof 30%comparingthePetlyukcolumnwith theconventionaltrainsof columns.Consider-

able investmentcapital savings canbe obtainedif the arrangementis implementedin a single

shell (Divided Wall Column). The complex designof the Petlyuk column offers someextra

degreesof freedomwhich permitanoptimisationthat is not possiblein theconventionalternary

distillation designs.
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Figure 1. The  Dividing Wall Column (left) and the fully thermally coupled column (right) are

thermodynamically equivalent.
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3 OPTIMISING CONTROL REQUIREMENT  FOR  THE PETLYUK COLUMN

WeassumethatthePetlyukcolumnreboilerandaccumulatorlevelsarestabilisedby thedistillate

flow (D) andthebottomsflow (B). Thenit hasfivedegreesof freedom:boilup (V), reflux (L), side

streamflow (S), liquid split (Rl) andvapoursplit (Rv). Of thesefive degreesof freedom,threeare

usedto controlthecompositionsof thethreeproducts(compositionof componentA in thedistil-

late,compositionof B in thesidestreamandcompositionof C in thebottomsstream).(Wolff and

Skogestad,1996)showedthat theLSV controlstructuregive acceptableperformance.It consists

in the control of A compositionby the reflux (L), the control of the B compositionby the side

streamflow (S) andthe control of C compositionby the boilup (V). LSV is the control structure

assumedin this work. Therefore,liquid split (Rl) andvapoursplit (Rv) arethetwo extra variables

to be usedfor optimisationpurposes.The energy consumption,hererepresentedby the boilup

vapourrate(V) will beusedasthecriterion.Whenthecompositionloopsareclosedandtheprod-

uctspurity (xDA,xSB,xBC) arecontrolledto their specifications,theproductspecificationssetpoints

(xDAS,xSBS,xBCS) will replacethecompositioncontrol loop inputs(L,SandV), asdegreesof free-

dom.Thesesetpointswill affect theoptimaloperationpoint in additionto thedisturbancesin the

feed flow rate (F), feed composition (z) and feed liquid fraction (q).

It wasshown (HalvorsenandSkogestad,1997,1998)that theoptimaloperationpoint of thePet-

lyuk columnis not robustwhennooptimisingcontrolis appliedin additionto theproductcompo-

sition control.Theoptimalvaluesof thetwo degreesof freedom(Rl,Rv) usedfor optimisationare

sensitive to feed disturbancesand product set points changes.The objective function surface

V(Rl,Rv) is very steepin somedirectionsandif no adjustmentof theseremainingdegreesof free-

dom (DOF) is applied, the operationmay get far from optimal. Therefore,somecontrol is

requiredto maintaintheoptimaloperationwhendisturbancesanduncertaintiesarepresent.How-

ever, in accordancewith thework of (HalvorsenandSkogestad,1998),we will fix Rv anduseRl

astheonly manipulatedvariableto indirectly achieve theenergy control.Two reasonsjustify this

decision.First the energy surfaceV(Rl, Rv) is quite flat closeto the minimum in a narrow long

region in a certaindirectionin the (Rl, Rv)-plane,permittingthat for any given constantRvo, we

canfind a Rl,opt,1 thatmakesthevalueof Vopt,1=V(Rl,opt,1,Rvo) becloseto theabsoluteminimum

whenbothvaluesof theremainingDOFsareoptimised:Vopt=V(Rl,opt, Rv,opt). Rvomustbesetin a

reasonableneighbourhoodto Rv,opt. Theflat region wasshown by (Fidkowski 1986)for infinite
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stagesandsharpproductsplits.Theextentof theflat region is determinedby thefeedproperties

(compositionand liquid fraction), and the relative volatility of the components.Second,if we

consideradividing wall column(DWC) (Wright 1949),Rv wouldbeadifficult variableto manip-

ulatein normaloperationsinceits valuewill be naturallygiven by the pressureequalisationon

each side of the dividing wall.

4 SELF-OPTIMISING CONTROL FOR THE PETLYUK COLUMN

Theconceptof self-optimizingcontrol is presentedin (Skogestadet.al. 1998and1999). A brief

introductionfor our Petlyukcolumncasestudywill begivenhere.The ideabehindself-optimis-

ing control is to find a variablewhich characteriseoperationat theoptimum,andthevalueof this

variableat the optimum shouldbe lesssensitive to variationsin disturbancesthan the optimal

valueof theremainingdegreesof freedom.Thusif we closea feedbackloop with this candidate

variablecontrolledto a setpoint,we shouldexpectthat the operationwill bekept closerto opti-

mum when a disturbance occur.

We defineu to beour remainingdegreesof freedomwhich we will useasmanipulative variables

for optimisingcontrol,andd to includethe externaldisturbances,the setpointspecificationsfor

all theclosedcontrolloopsandany remainingdegreesof freedomnotusedasmanipulativevaria-

bles.In ourgeneralcaseu=(Rl,Rv) andd=(z,q,xDA,xSB,xBC), but whenwefix Rv=Rvo anduseRl as

theonly manipulative variablewe will have u=Rl andd=(z,q,xDA,xSB,xBC,Rvo). Theoptimalsolu-

tion is foundby minimisingV(u,d)with respectto u. Thusboththeoptimalvalueof thecriterion

functionVopt and the corresponding solutionuopt will be a function ofd.

(1)

The combinedset of (u,d) determinesan operationpoint uniquely, and also the valuesof any

internalstatesandmeasurements.(In this simplifiedpresentationwe do not considerany bifurca-

tions.)Assumenow thatwe choosea measurementvariablec=g(u,d), andthat the inversefunc-

tion u=g-1(c,d) exists.Thenwe may apply u=g-1(cs,d), wherecs is the setpointfor c. The ideal

relation would of course be to find a functiong(.) where: Ifcs=g(uopt,0,d0), then

Vopt d( )
min

u
V u d,( ) V uopt d( ) d,( )= =
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u=g-1(cs,d)=uopt(d). Thesepropertiesimply thatwant thenominalsetpointcs to be insensitive to

thedisturbances,andthatc characterisetheoptimumsothat(c- cs) is proportionalto (u-uopt) for

any disturbancein the region wherec is closeto cs. An exampleof an ideal function g(.) is the

gradient ofV(u,d) with respect tou:

(2)

In therealworld, we cannotexpectsuchanideal functionto exist, but theremaybevariables(c)

where , when we comparethe caseof keepingc constantat the

nominal value cs0, to the casewherewe keepu at the nominal u0, for a set of disturbancesd

around a nominald0.

So why not look around for the candidates?

A very importantfeatureof thefeedbackimplementationin self-optimisingcontrol is thatwe do

not needto know the function g-1(cs,d) accuratelysincethe feedbackcontrollerwill adjustthe

input u until c= cs in spiteof uncertaintiesanunknown disturbances.Thuswe mayfind thebest

variablec=g(u,d) with thewantedpropertiesby usinga rigorousmodelandadvancedoptimisa-

tion, but therealisationof g-1(cs,d) in theplantmaysimplybewith aconventionalPID controller,

neitherwith the needfor an on-line modelnor any on-line optimisation.The taskof finding a

goodcandidatefor self-optimisingcontrolis primarily acontrolstructureproblem(e.g.thetaskof

selectingvariablesfor inputsandoutputs).Whena self-optimisingfeedbackvariableis found,

this variablecanbetreatedlike any otheroutputin the taskof finding thebestregulatorydesign

(e.g.finding thebestinput outputpairing,choosingPID controllersand/ormodelpredictive con-

trol etc.).

In the rest of this paper we will present results from a quantitative evaluation ofV(u,d) and

V(g-1(cs,d),d)comparedto V(uopt,d) for asetof candidatemeasurementvariablesandasetof dis-

turbances around a nominal operational point.

g u d,( ) V u d,( )u∇=

V g
1–

cs0 d,( ) d,( ) V u0 d,( )«
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5 SELF OPTIMISING CONTROL: A PETLYUK COLUMN CASE STUDY

5.1 The Nominal Optimal Solution

The non-linearmodel usedto simulatethe column behaviour in presenceof disturbanceand

uncertaintieswas describedin (Skogestadand Halvorsen,1998). It is a stageby stagemodel

wherethe main assumptionsare: constantpressure,constantrelative volatility, constantmolar

flows andconstanttray efficiency. Therelative volatilities areassumedto be(4:2:1).Thenumber

of stagesis 8 in eachof the6 sectionsplusareboilerandtotalcondenser. (Notethatthenumberof

stagesarenot basedon any rigorouscolumndesign.Our optimalboilup is about40-50%higher

than a theoreticalminimum boilup with infinite numberof stages,which indicatesthat our

numbershouldprobablyhave beenincreased.However, detaileddesignof the columnis not an

issuein this paper.) Thenominaloperationpoint is selectedwith equimolarfeed,z=(1/3,1/3,1/3),

partlyvaporised,liquid fractionq=0.477,and97%purity for all threeproducts.Thenominalopti-

mal solution is found asVopt = 1.497, forRl = 0.450 andRv = 0.491.

This optimum,andall otheroptimaloperatingpointsfor differentsetsof thedisturbances(d) are

found by applying a constrained optimisation solver with the full non-linear model.

5.2 Proposed Output Feedback Variables

The setof candidatefeedbackvariablesarebasedon discussionsin (HalvorsenandSkogestad

1998)andin (Christiansen1997).The selection is basedon qualitative evaluationandprocess

insight.Alternative approachesbasedon Taylor seriesexpantionof thecriterion function is out-

lined in Skogestadet.al. 1996,1997,1998),but thesemethodsarenot consideredin this study. A

brief description of each of the considered feedback variables are given below.

• D1/F: Thenetflow from thetop of theprefractionatorto themaincolumndividedby thefeed

flow.

D1= V1- L1. Thus it is not a flow but a difference between two flows.

• β: Fractional recovery of the intermediate B-component leaving in the prefractionator top.

A similar behaviour asD1 is expected asD1=zA+ βzB with a sharp A/C split.
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• ∆N: the numberof traysbetweenthe tray from wherethe sidestreamis withdrawn andthe

tray thathasthe highestB-composition.This is basedon the observation that for optimised

operation, the B-composition had its maximum at the sidestream withdrawal stage.

• ∆N’ is thecontinuousvariablethatcorrespondsto acubicinterpolationof thediscretevariable

∆N. ∆N’ will be able to follow the optimum more closely. Nominal ∆N is 0.

• DTS: a measure of the temperature profile symmetry. It is defined as

DTS=Σ(T1,i- T4,i)+Σ( T2,i – T5,i), whereTN,i is thetemperatureof tray i of sectionN. Thetem-

peratureof eachtray is calculatedassumingthecontribution of eachcomponentwith its equi-

librium temperatureproportional to its fraction. The set point of DTS is 6.38. DTS was

observed to be constantalongthe directionof the minimum surfaceV(Rl, Rv) whereit was

most flat.

• yD1
C: theC-compositionof thenetflow from theprefractionatordistillateto themaincolumn.

yD1
C is calculatedas the net C in the vapourfrom the prefractionatorto the main column

minusthenetC in the liquid from themaincolumnto theprefractionatordividedby thenet

flow from the prefractionator to the main column.

• yB1
A is the equivalent toyD1

C in the prefractionator bottom.

• γ0: Ratio of net flow downwardstowardsthe sidestreamandthe sidestream.This variableis

implemented as a feedforward from flow measurements:Rl = 1-γ0*S/L-(1- Rv0)*V/L.

6 ROBUSTNESS STUDY SIMULATION

Becauseof thereasonsgivenabove, Rl have beenusedasmanipulatedvariablefor theoptimisa-

tion loopwhile Rv hasbeenkeptconstant.Thus,thecontrolsystemhasbecomeafour- loopscon-

trol system.PID controllersareusedto closeall control loops:PID areimplementedin thethree

compositioncontrol loops,andalsoPID areimplementedin theoptimisationloop. Sincewe are
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interestedin steady-sateconsiderations,the tuning of the controllersto obtaingoodcontrol per-

formanceshasbeenlet aside.To studytherobustnessof eachof theproposedoptimisationcontrol

structures,a setof simulationshave beendone.Closingtheoptimisingloop with eachof thepro-

posedfeedbackvariablesat a time, simulationshave beendonefor stepsin eachuncertaintyand

disturbancevariable.The processwassimulatedfrom the nominal initial conditionsuntil a new

steady-statewasobtained.Thedifferentcontrolstructuresbroughttheprocessto differentsteady-

sateoperationconditionswhenthedisturbanceswereapplied.Theboilup valuesof thesecontrol-

led operations are the object of our comparisons.

Feedflowrate(F), feedcomposition(zA,zB) andfeedliquid fraction(q) have beentheconsidered

disturbanceuncertainties.Uncertaintiesin themeasureof theproductpuritiesandin themeasure

of the feedbackvariableshave alsobeenconsidered.Uncertaintieshave beensimulatedthrough

stepchangesin inputsandin thesetpoints.(To simulateerror in themeasureof theoptimisation

controlledvariableandin the measureof the productcompositions,setpointchangeshave been

applied).

For eachsourceof upset,somevaluesaroundthenominalvalueshave beenanalysed.In table1

thespecificconsideredupsetvaluesareshown in thesecondcolumnwith thevaluesapplied.For

eachdisturbanceor uncertainty, thevaluesof theobjective function(boilup V) for eachself-opti-

mising optimisationcontrol structurearecomputed.Valuesarecomparedto the pseudooptimal

valuewhereRv is fixedat its nominalvalueandonly Rl is adjustedfor minimal boilup. We also

computedtheoverall optimalvalue(wherebothRl andRv areadjustedfor minimal boilup). Val-

uesareshown in therightmostcolumnsin Table1. Wealsocompareresultsto thevaluesfor con-

stantRl andRv, that is with no control action in the self-optimising control loop.

7 DISCUSSION OF  THE RESULTS

After doing all the simulations the following results are obtained:

• D1/F is not a good feedbackvariable. It handlesvery well disturbancesin the feed flow

becausemaintainsthe proportionalitybetweeninternalflows. It bringsthe systemnot far to

theoptimumfor setpointchangesanddisturbancesin q. However, it behavesverybadin front
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of feedcompositiondisturbances,worst thanfixing the Rl to the nominalvalue.We cansay

that it is not a good option because it fixes a flow, not a feature of the system.

• β hasthebetterbehaviour in responseof feedcompositiondisturbances.With yD1
C it hasthe

bestbehaviour for feedvapourfractiondisturbances.In front of productcompositionsetpoint

changesit is almostasgoodasDTS, thebestone.As it is a recovery andnot a flow, it faces

feedflow disturbancesquitewell. Lastly, robustnessagainstbadmeasurementis acceptable.It

is a variable characteristic of the whole system.

• ∆N hasthe problemthat only indicatesRl to changewhen the changesin profile are large

becauseof the discretenessof the variable.∆N’ is betterthan∆N. Othervariablesarebetter

that∆N’ for thenormaldisturbancesanduncertainties.But surprisingly, it is thebestsolution

for largechangesin feedcomposition.It hasto benoticedthat∆N’ takesonly into accountthe

main column.

• DTSis foundto bethebestfeedbackvariablefor changesin thesetpointsof theproductcom-

positionsandfor setpoint changesin its self value.It faceswell disturbancesin thefeedflow

becauseit is not a flow. Its behaviour in front of feedcompositionandvapourfractiondistur-

bancesis not bad.This feedbackvariabletakesinto accountthetwo sidesof thePetlyukcol-

umn, the prefractionator and the main column.

• yD1
C hasshown to bea goodfeedbackvariable,too.Facingfeedvapourfractiondisturbances

it is comparableto β. Its behaviour in responseof changesin its setpointvalueis almostas

goodasfor the DTSvariable.And its behaviour in front of setpoint changesin the product

compositionsanddisturbancesin thefeedcompositionis notbad.But it doesnot respondwell

in front of feedflow disturbancesbecauseit is a compositionandnot a recovery. As DTS,yd
C

is a characteristic of the whole column.

• yB1
A hasgivenunstablesolutionsaswaspredicted(Christiansen1997).This is dueto thatthe
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flat region is on theright branchof theprefractionatorcharacteristicfor ourcase,andthisvar-

iable is espected to be best for the opposite case.

• Thefeedforwardproposedcontrolhasalsogivenverygoodresults.However, it will not have

the advantages and simplicity of feedback control.

Whencomparingtheoverall optimumvalueswith theoptimumvalueswith fixedvapoursplit (Rl

free,Rv fixed),we find the losswith a fixed Rv is quite small.This confirmsit is possibleto be

closeto theminimumby usingonly oneof thetwo extradegreesof freedomasamanipulatedvar-

iable.

8 CONCLUSIONS

Self-optimisingcontrolhasbeenseento bea goodmethodfor theenergy optimisationof a Pet-

lyuk column.Threeoutputfeedbackvariablesgive very goodrobustcontrolof optimaloperation

in a self-optimisingcontrolscheme.They areβ, DTS andyD1
C. For robustnessagainstfeedflow

disturbances,β andDTSarebetterthanyB1
A becausehis lastvariableis a compositionandnot a

recovery. For feedcompositiondisturbancesβ is thevariablewith maintainsV closerto themini-

mum, however DTS andyD1
C have alsoacceptableresults.Facing feedvapourfraction distur-

bances,yD1
C is thebestof thethreebut theothertwo arenot far from it. Facingsetpoint changes

in theproductcompositions,DTSis again thebestfeedbackvariable,beingβ verycloseandyD1
C

theworstof them.Lastly, DTSandyD1
C behave betterin responseto badmeasurementsof them-

selvesthanβ. In a realcase,we will decideoneof thethreevariablesdependingon the informa-

tion we have aboutwhatarethemoreprobabledisturbances.Also technicalaspectswill behave

to consider. It hasto beremarked,for example,thatDTScanbecalculatedwith only temperature

measurements,which is a greatadvantageandon the contrary, the measurementof yD1
C andβ

involve composition measurements.
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Table1: Datashow the boilup (V) and liquid split (Rl) with self-optimisingcontrol, usingone

DOF (Rl), to keep eachof the threethe candidatefeedbackvariablesDTS,yD1
C or β at the

nominalsetpoint,for thegivensetof disturbances.Theresultsarecomparedto theoptimalvalues

for eachcaseandto thecaseof nocontrol(constantRl=0.450).In all cases,exeptfor th e optimal

referencesolution in inthe rightmostcolumn,the vapoursplit ratio (Rv) is kept constantat the

nominal value:Rv=Rvo=0.491.

Disturbances DTS yD1
C

b Rl=
0.450

Optimum for
Rvo =0.491

Optimal
reference

Name  value V Rl V Rl V Rl V Vopt,1 Rl Vopt

F 1.2 1.797 0.450 1.804 0.457 1.797 0.450 1.797 1.797 0.450 1.797

1 (Nominal) 1.498 0.450 1.498 0.450 1.498 0.450 1.498 1.498 0.450 1.498

0.8 1.198 0.450 1.198 0.441 1.198 0.450 1.198 1.198 0.450 1.198

zA/zB 0.333 0.333 1.498 0.450 1.498 0.450 1.498 0.450 1.498 1.498 0.450 1.498

0.399 0.333 1.602 0.412 1.560 0.421 1.536 0.430 1.550 1.532 0.436 1.531

0.333 0.399 1.580 0.418 1.562 0.426 1.557 0.432 1.585 1.557 0.433 1.554

0.267 0.333 1.541 0.485 1.504 0.477 1.487 0.469 1.510 1.482 0.463 1.481

0.333 0.267 1.444 0.481 1.430 0.473 1.428 0.469 1.489 1.428 0.470 1.425

0.379 0.379 1.664 0.400 1.601 0.411 1.567 0.424 1.601 1.564 0.429

0.379 0.286 1.476 0.446 1.475 0.447 1.472 0.449 1.471 1.470 0.453

0.286 0.379 1.532 0.453 1.532 0.453 1.529 0.451 1.528 1.526 0.446

0.286 0.286 1.505 0.496 1.455 0.485 1.440 0.477 1.539 1.438 0.474

1-q 0.627 1.451 0.483 1.449 0.475 1.451 0.482 1.554 1.448 0.478 1.446

0.575 1.473 0.467 1.472 0.463 1.473 0.466 1.498 1.472 0.464 1.472

0.523 1.498 0.450 1.498 0.450 1.498 0.450 1.498 0.450 1.498

0.471 1.526 0.433 1.525 0.437 1.526 0.433 1.546 1.525 0.436 1.524

0.418 1.557 0.416 1.554 0.424 1.557 0.416 1.626 1.554 0.421 1.552

Purity 0.97 0.97 0.97 1.498 0.450 1.498 0.450 1.498 0.450 1.498 0.450 1.498

0.97 0.97 0.98 1.727 0.455 1.775 0.440 1.727 0.455 1.734 1.726 0.457

0.97 0.97 0.96 1.371 0.446 1.382 0.456 1.371 0.446 1.373 1.370 0.445

0.97 0.98 0.97 1.551 0.446 1.552 0.448 1.556 0.452 1.554 1.551 0.443

0.97 0.96 0.97 1.467 0.453 1.467 0.452 1.469 0.449 1.468 1.467 0.453

0.98 0.97 0.97 1.564 0.456 1.584 0.445 1.569 0.451 1.57 1.564 0.457

0.96 0.97 0.97 1.466 0.448 1.47 0.453 1.467 0.451 1.467 1.466 0.447

Error 10 1.499 0.453 1.500 0.455 1.512 0.462

-10 1.499 0.448 1.499 0.446 1.513 0.439


