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ABSTRACT

In a Petlyukdistillation column,two extra degreesof freedomcanbe usedfor optimisationpur-
poseslt hasbeenreportedthatatypical enegy saving of 30%is achiezablewith a Petlyukdistil-
lation column,comparedo corventionaldistillation arrangementdlowever, the optimal steady-
stateoperationpoint canbedifficult to maintainin practice.In this work we have studiedthe per-
formanceof someself-optimisingcontrol configurationsfor the Petlyuk distillation columnin
presencef disturbancesnduncertainties.The resultsshav that self-optimisingcontrol canbe
usedto improve the robustnesf optimal operationby adjustinga degreeof freedomin a feed-

back control loop bydeping a suitable measuremeatiable at a setpoint.

1 INTRODUCTION

In mostprocessetherearesomeextra degreesof freedomthat canbe usedfor optimisationpur-
poses.The optimal operationpoint canbe difficult to maintainif disturbancesndmodeluncer-
tainty are present.Self-optimisingcontrol is an approachto solve this problemby turning the
optimisationprobleminto a setpoint problem.The key ideais to find a measurableariablewith

constanwalueat optimaloperationlf thisvariablecanbefound,afeedbackcontrolloopis closed
to keepthevariableat the setpoint, andto keepindirectly the processat optimal operation Since

self-optimisingcontrol resultsin a feedbackcontrol loop, it will be robust againstdisturbances



and model uncertaintiescomparedto ary openloop model basedoptimisationmethods.The
applicationof self-optimisingcontrolto the Petlyukdistillation columnwasalreadyaddresseth
(Halvorsenand Skogestad1998). Somecandidateneasurabléeedbackvariablesfor the Petlyuk
distillation columnwereproposedndanalysedn a qualitatve way. Thiswork hasto beseenasa
continuationof thatonein which amorecarefulevaluationis performed New candidatdeedback
variableshave beenproposednda quantitatve studyhasbeendoneto seethe performancef the

controlled system inaice of \arious process disturbances and model uncertainties.

2 ENERGY OPTIMISAION IN THE PETLYUK COLUMN

The thermally coupleddistillation column known as Petlyuk column (Petlyuk 1965), shovn in

figurel, is acomple distillation arrangemento separate ternarymixture of A (the morevola-
tile), B (intermediatevolatility) andC (thelessvolatile). The Petlyukcolumnhasbeengivenspe-
cial attentiondueto very high reportedenegy savings. (Triantafyllouand Smith, 1992)reported
savingsof 30% comparinghe Petlyukcolumnwith the corventionaltrainsof columns.Consider-
able investmentcapital savzings canbe obtainedif the arrangemenis implementedn a single
shell (Divided Wall Column). The complex designof the Petlyuk column offers some extra
degreesof freedomwhich permitan optimisationthatis not possiblein the corventionalternary

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

thermodynamically equalent.



3 OPTIMISING CONTROL REQUIREMENT FOR THE PETXUK COLUMN

We assumehatthe Petlyukcolumnreboilerandaccumulatotevels arestabilisedby thedistillate
flow (D) andthebottomsflow (B). Thenit hasfive degreesof freedom:boilup (V), reflux (L), side
streamflow (S), liquid split (R) andvapoursplit (R,). Of thesefive degreesof freedom threeare
usedto controlthe compositionsof the threeproducts(compositionof componen# in the distil-
late,compositionof B in the sidestreamandcompositionof C in the bottomsstream) (Wolff and
Skogestad;1996)shavedthatthe LSV control structuregive acceptablgerformancelt consists
in the control of A compositionby the reflux (L), the control of the B compositionby the side
streamflow (S andthe controlof C compositionby the boilup (V). LSVis the control structure
assumedn this work. ThereforeJiquid split (R)) andvapoursplit (R,) arethe two extra variables
to be usedfor optimisationpurposesThe enegy consumptionhererepresentedby the boilup
vapourrate (V) will beusedasthe criterion.Whenthe compositionoopsareclosedandtheprod-
uctspurity (Xpa,XspXgc) arecontrolledto their specificationsthe productspecificationsetpoints
(XpasXsesXsca Will replacethe compositioncontrolloop inputs(L,SandV), asdegreesof free-
dom. Thesesetpointawill affectthe optimal operationpointin additionto the disturbance the

feed flav rate €), feed compositionzf and feed liquid fractiongy.

It wasshavn (Halvorsenand Skogestad1997,1998)thatthe optimal operationpoint of the Pet-
lyuk columnis not robustwhenno optimisingcontrolis appliedin additionto the productcompo-
sition control. The optimal valuesof thetwo degreesof freedom(R, R,) usedfor optimisationare
sensitve to feed disturbancesand product set points changes.The objectve function surface
V(R R)) is very steepin somedirectionsandif no adjustmenbf theseremainingdegreesof free-
dom (DOF) is applied, the operationmay get far from optimal. Therefore,some control is
requiredto maintainthe optimaloperationwhendisturbancesnduncertaintiegarepresentHow-
ever, in accordancevith the work of (Halvorsenand Skogestad;1998),we will fix R, anduseR,
asthe only manipulatedrariableto indirectly achieve the enegy control. Two reasongustify this
decision.First the enegy surfaceV(R R)) is quite flat closeto the minimumin a narrav long
region in a certaindirectionin the (R, R )-plane,permittingthatfor ary givenconstantR,, we
canfind aR, oot 1 thatmakesthe valueof Vot 1=V(R) opt,1, Rvo) becloseto the absoluteminimum
whenbothvaluesof the remainingDOFsareoptimised:V,p=V(R) opt, Ry,0pd- Ryo Mustbesetin a

reasonabl@eighbourhoodo R, Theflat region wasshavn by (Fidkowski 1986)for infinite
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stagesandsharpproductsplits. The extent of the flat region is determinedoy the feedproperties
(compositionand liquid fraction), and the relative volatility of the componentsSecond,if we
consideradividing wall column(DWC) (Wright 1949),R,, would be a difficult variableto manip-
ulatein normaloperationsinceits valuewill be naturally given by the pressuresqualisatioron

each side of the dding wall.

4 SELF-OPTIMISING CONT®L FOR THE PETYUK COLUMN

The conceptof self-optimizingcontrolis presentedn (Skogestackt. al. 1998and1999). A brief
introductionfor our Petlyukcolumncasestudywill be givenhere.Theideabehindself-optimis-
ing controlis to find a variablewhich characteris@peratiomat the optimum,andthe valueof this
variable at the optimum shouldbe lesssensitve to variationsin disturbanceshanthe optimal
valueof theremainingdegreesof freedom.Thusif we closea feedbacKoop with this candidate
variablecontrolledto a setpoint,we shouldexpectthatthe operationwill be keptcloserto opti-

mum when a disturbance occur

We defineu to be our remainingdegreesof freedomwhich we will useasmanipulatve variables
for optimising control,andd to includethe external disturbancesthe setpointspecificationgor
all the closedcontrolloopsandany remainingdegreesof freedomnot usedasmanipulatve varia-
bles.In ourgenerakaseu=(R R)) andd=(z,9,%a.XspXac), butwhenwefix R =R, anduseR, as
the only manipulatve variablewe will have u=R; andd=(z,q9,’%a,XsgXsc:R/0)- The optimalsolu-
tion is found by minimising V(u,d)with respecto u. Thusboththe optimalvalueof the criterion

functionVo,r and the corresponding solutiagy, will be a function ofd.
min
Vop(d) = V(U d) = V(Ugy(d), d) (1)

The combinedset of (u,d) determinesan operationpoint uniquely and also the valuesof ary
internalstatesandmeasurementgln this simplified presentationve do not considerary bifurca-
tions.) Assumenow thatwe choosea measurementariablec=g(u,d), andthatthe inversefunc-
tion u=g-Y(c,d) exists. Thenwe may apply u:g'l(cs,d), wherecg is the setpointfor c. Theideal

relation would of course be to find a functigg.) where: Ifcs=g(Ugpt 0 o), then
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u:g'l(cs,d):uopt(d). Thesepropertiesmply thatwantthe nominalsetpointcg to be insensitve to
the disturbancesandthatc characteris¢he optimumsothat(c- c) is proportionatto (u-Upy) for
ary disturbancen the region wherec is closeto ¢, An exampleof anideal functiong(.) is the

gradient ofV(u,d)with respect ta:
g(u,d) = 0OyV(u,d) 2)

In therealworld, we cannotexpectsuchanidealfunctionto exist, but theremay be variables(c)
where V(g_l(cso, d), d) «V(uy, d) , whenwe comparethe caseof keepingc constantat the
nominal value ¢4 to the casewherewe keepu at the nominal ug, for a setof disturbancesl

around a nominaly.
So wty not look around for the candidates?

A very importantfeatureof the feedbackmplementatiorin self-optimisingcontrolis thatwe do
not needto know the function g‘l(cs,d) accuratelysincethe feedbackcontrollerwill adjustthe
input u until c= ¢4 in spiteof uncertaintiesan unknavn disturbancesThuswe may find the best
variablec=g(u,d) with the wantedpropertiesby usinga rigorousmodeland adwancedoptimisa-
tion, but therealisationof g‘l(cs,d) in the plantmay simply bewith a corventionalPID controller
neitherwith the needfor an on-line model nor ary on-line optimisation.The task of finding a
goodcandidatdor self-optimisingcontrolis primarily a controlstructureproblem(e.g.thetaskof
selectingvariablesfor inputs and outputs).When a self-optimisingfeedbackvariableis found,
this variablecanbetreatedlik e arny otheroutputin the taskof finding the bestregulatorydesign
(e.g.finding the bestinput outputpairing,choosingPID controllersand/ormodelpredictive con-

trol etc.).

In the rest of this paper we will present results from a quawnétetaluation ofV(u,d)and
V(g(cyd),d)comparedo V(Uppt d) for asetof candidateneasurementariablesanda setof dis-

turbances around a nominal operational point.



5 SELF OPTIMISING CONTR®L: A PETLYUK COLUMN CASE STUDY

5.1 The Nominal Optimal Solution

The non-linearmodel usedto simulatethe column behaiour in presenceof disturbanceand
uncertaintieswvas describedin (Skogestadand Halvorsen,1998). 1t is a stageby stagemodel
where the main assumptionsre: constantpressure constantrelative volatility, constantmolar
flows andconstantray efficiengy. Therelative volatilities areassumedo be (4:2:1). The number
of stagess 8 in eachof the 6 sectionglusareboilerandtotal condenserNotethatthe numberof

stagesarenot basedon ary rigorouscolumndesign.Our optimal boilup is about40-50%higher
than a theoreticalminimum boilup with infinite humberof stages,which indicatesthat our

numbershouldprobablyhave beenincreasedHowever, detaileddesignof the columnis not an

issuein this paper) The nominaloperationpointis selectedvith equimolarfeed,z=(1/3,1/3,1/3),
partly vaporisedliquid fractiong=0.477,and97% purity for all threeproducts.The nominalopti-

mal solution is found &, = 1.497, forR = 0.450 andR, = 0.491.

This optimum,andall otheroptimal operatingpointsfor differentsetsof the disturbancegd) are

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

5.2  Proposed Outputéedbak \ariables

The setof candidatefeedbackvariablesare basedon discussionsn (Halvorsenand Skogestad
1998)andin (Christianserl997). The selection is basedon qualitatve evaluationand process
insight. Alternative approache®asedon Taylor seriesexpantionof the criterion functionis out-
linedin Skogestackt. al. 1996,1997,1998),but thesemethodsarenot consideredn this study A

brief description of each of the considered feedbaciakles are gen belav.

» D,/F: Thenetflow from thetop of the prefractionatoto the main columndivided by thefeed

flow.

D;=V;- L;. Thus itis not a fl but a diference between twflows.

* [3: Fractional receery of the intermediate B-componentJewry in the prefractionator top.

A similar behaiour asD, is expected a®=z5+ Bzz with a sharp A/C split.



AN: the numberof trays betweenthe tray from wherethe side streamis withdravn andthe
tray that hasthe highestB-composition.This is basedon the obsenationthat for optimised

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

AN’ is thecontinuousvariablethatcorrespond$o a cubicinterpolationof thediscretevariable

AN. AN’ will be able to follev the optimum more closeli]Nominal AN is 0.

DTS a measure of the temperature profile symmétrg defined as
DTS=2(Tq ;- T4 )+Z( T2 ;—Ts ), whereTy ; is thetemperatur@f tray i of sectionN. Thetem-
peratureof eachtray is calculatedassuminghe contritution of eachcomponentvith its equi-

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

obsened to be constantalongthe direction of the minimum surfaceV(R, R,) whereit was

most flat.

ych: the C-compositiorof the netflow from the prefractionatodistillateto themaincolumn.

ych is calculatedasthe net C in the vapourfrom the prefractionatorto the main column

minusthe net C in theliquid from the main columnto the prefractionatodivided by the net

flow from the prefractionator to the main column.

yBl4 is the equialent toyP. in the prefractionator bottom.

Yo- Ratio of netflow downwardstowardsthe sidestreanandthe sidestreamThis variableis

implemented as a feedfoand from flav measurement®, = 1-yy*S/L-(1- R)*V/L.

6 ROBUSTNESS STUDN SIMULATION

Becauseof thereasongjivenabove, R, have beenusedasmanipulatedrariablefor the optimisa-

tion loop while R, hasbeenkeptconstantThus,the controlsystemhasbecomea four- loopscon-

trol systemPID controllersareusedto closeall controlloops:PID areimplementedn thethree

compositioncontrolloops,andalsoPID areimplementedn the optimisationloop. Sincewe are
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interestedn steady-sateonsiderationsthe tuning of the controllersto obtaingoodcontrol per-
formancedasbeenlet aside.To studytherobustnes®f eachof the proposedptimisationcontrol
structuresa setof simulationshave beendone.Closingthe optimisingloop with eachof the pro-
posedfeedbackvariablesat a time, simulationshave beendonefor stepsin eachuncertaintyand
disturbancevariable.The processvas simulatedfrom the nominalinitial conditionsuntil a new
steady-statevasobtained.Thedifferentcontrolstructuresroughtthe procesgo differentsteady-
sateoperationconditionswhenthedisturbancesvereapplied.The boilup valuesof thesecontrol-

led operations are the object of our comparisons.

Feedflowrate (F), feedcomposition(z,,zg) andfeedliquid fraction (g) have beenthe considered
disturbancaincertaintiesUncertaintiesn the measuref the productpuritiesandin the measure
of the feedbackvariableshave alsobeenconsideredUncertaintieshave beensimulatedthrough
stepchangesn inputsandin the setpoints.(To simulateerrorin the measureof the optimisation
controlledvariableandin the measureof the productcompositionssetpointchangesave been

applied).

For eachsourceof upset,somevaluesaroundthe nominalvalueshave beenanalysedin table 1
the specificconsideredupsetvaluesareshawvn in the secondcolumnwith the valuesapplied.For
eachdisturbanceor uncertaintythe valuesof the objectve function (boilup V) for eachself-opti-
mising optimisationcontrol structureare computed Valuesare comparedo the pseudooptimal
valuewhereR, is fixed at its nominalvalueandonly R, is adjustedfor minimal boilup. We also
computedhe overall optimal value (whereboth R, andR, areadjustedor minimal boilup). Val-
uesareshowvn in therightmostcolumnsin Tablel. We alsocompareresultsto the valuesfor con-

stantR, andR,, that is with no control action in the self-optimising control loop.

7 DISCUSSION OF THE RESUILS

After doing all the simulations the folleng results are obtained:

* D4/F is not a good feedbackvariable. It handlesvery well disturbancesn the feed flow

becauseamaintainsthe proportionalitybetweeninternalflows. It bringsthe systemnot far to

theoptimumfor setpointchangesnddisturbances q. However, it behaesvery badin front
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of feed compositiondisturbancesworst thanfixing the R, to the nominalvalue.We cansay

that it is not a good option because iefixa flov, not a feature of the system.

B hasthe betterbehaiour in responsef feedcompositiondisturbanceswith ych it hasthe
bestbehaiour for feedvapourfractiondisturbancedn front of productcompositionsetpoint
changest is almostasgoodasDTS the bestone.As it is arecovery andnot a flow, it faces
feedflow disturbancesguitewell. Lastly, robustnesagainstbadmeasuremeris acceptablelt

is a \ariable characteristic of the whole system.

AN hasthe problemthat only indicatesR, to changewhenthe changedn profile are large
becausef the discretenessf the variable.AN’ is betterthanAN. Othervariablesare better
thatAN’ for the normaldisturbanceanduncertaintiesBut surprisingly it is the bestsolution
for largechangesn feedcompositionlt hasto benoticedthatAN’ takesonly into accounthe

main column.

DTSis foundto bethebestfeedbackvariablefor changesn thesetpointsof theproductcom-
positionsandfor setpointchangesn its selfvalue.It faceswell disturbance thefeedflow
becauset is notaflow. Its behaiour in front of feedcompositionandvapourfraction distur-
bancess not bad.This feedbackvariabletakesinto accountthe two sidesof the Petlyukcol-

umn, the prefractionator and the main column.

ych hasshavn to be a goodfeedbackvariable too. Facingfeedvapourfractiondisturbances

it is comparabldo (. Its behaiour in responsedf changesn its setpointvalueis almostas
goodasfor the DTSvariable.And its behaiour in front of setpoint changesn the product

compositionanddisturbances thefeedcompositions notbad.But it doesnotrespondvell
in front of feedflow disturbancebecausét is acompositionandnotarecovery. As DTS,ydC

is a characteristic of the whole column.

yBlA hasgivenunstablesolutionsaswaspredictedChristianserf997).This is dueto thatthe
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flat regionis ontheright branchof the prefractionatocharacteristi¢or our case andthis var-

iable is espected to be best for the opposite case.

» Thefeedforwardproposedontrolhasalsogivenvery goodresults.However, it will not have

the adantages and simplicity of feedback control.

Whencomparingthe overall optimumvalueswith the optimumvalueswith fixed vapoursplit (R,
free, R, fixed), we find the losswith a fixed R, is quite small. This confirmsit is possibleto be
closeto theminimumby usingonly oneof thetwo extra degreesof freedomasa manipulatedvar-

iable.

8 CONCLUSIONS

Self-optimisingcontrol hasbeenseento be a good methodfor the enegy optimisationof a Pet-
lyuk column.Threeoutputfeedbackvariablesgive very goodrobustcontrolof optimaloperation
in a self-optimisingcontrolschemeThey arep, DTS andyP!.. For robustnessagainstfeedflow
disturbances3 and DTSarebetterthanyBlA becausdnis lastvariableis a compositionandnot a
recovery. For feedcompositiondisturbanceg is the variablewith maintainsV closerto the mini-
mum, however DTS and ych have also acceptableesults.Facing feed vapourfraction distur-
bancesych is the bestof thethreebut the othertwo arenot far from it. Facingsetpointchanges
in the productcompositionsPTSis againthe bestfeedbackvariable,being very cIoseandych
theworstof them.Lastly, DTSandych behae betterin response¢o badmeasurementsf them-
selesthanf. In arealcasewe will decideoneof the threevariablesdependingon theinforma-
tion we have aboutwhat arethe more probabledisturbancesAlso technicalaspectwill be have
to considerlt hasto beremarled, for example thatDTScanbe calculatedwvith only temperature
measurementsyhich is a greatadvantageand on the contrary the measuremenbf ych andf3

involve composition measurements.
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Disturbances DTS ych = Optimum for | Optimal
0.450 R, =0.491 |reference
Name value \Y R \ R \Y R \ Vopt1 | R 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
zp/zg | 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

Table 1: Datashaw the boilup (V) andliquid split (R) with self-optimisingcontrol, usingone

DOF (R), to keep eachof the threethe candidate‘eedbackvariablesDTS,ych or B atthe

nominalsetpointfor the givensetof disturbancesTheresultsarecomparedo the optimalvalues

for eachcaseandto the caseof no control (constanR=0.450).In all casesexeptfor th e optimal

referencesolutionin inthe rightmostcolumn, the vapoursplit ratio (R)) is kept constantat the

nominal \alue:R =R, ;~0.491.
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