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QUESTION:

e \Why dowe controlall thesevariabledor whichtherearenoa priori specifications?
(temperaturegyressureanternalcompositions, . .)
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Written material:

e Plantwidecontmol: Theseach for the self-optimizingcontmol structue, S. Skoges-
tad (preparedor publicationin J.Proc.Control)Avaialableat:

http://ww. chenbi 0. nt nu. no/ user s/ skoge/ publ i cati ons/ 2000/ sel f 1. pdf

e Shorterversion: Self-optimizingcontol: The missinglink berweensteady-state
optimizationandcontmol, S. SkogestadSymposiumProcesssystemsEngineering
PSE’2000Keystone,Colorado July 2000. Avaialableat:

http://ww. chenbi 0. nt nu. no/ user s/ skoge/ publ i cati ons/ 2000/ sel f 1,5¢2000.pdf

e Multivariable Feedbak Contmwol, S. Skogestadandl. Postlethvaite, Wiley, 1996

— Chaptels: Limationson performancen SISOsystemgcontrollability)
— Chapter6: Limationson performancen MIMO systemgmorecontrollability)
— ChapterlO: Controlstructuredesign(plantwidecontrol)

e A review of plantwidecontmol, S. SkogestadandT. Larsson(Internalreport,Aug.
1998).Availableat:

http://ww. chenbi 0. nt nu. no/ user s/ skoge/ publ i cati ons/ 1998/ pl ant wi de revi ewl. pdf

e Ph.D.thesise®f Morud (1995),Glemmestad1997)andHavre (1998).



EXISTING CONTROL THEORY

General controller designformulation (Ph.D.level)
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e w. Disturbancegd) andsetpointqr)

e v. Measurementgy,,, d,,) andsetpointyr)
e 1. Manipulatednputs(u)

e 2. Controlerror y — r

e Findacontroller K whichbasedntheinformationin v, generatesa controlsignal
u which counteractshe influenceof w on z, therebyminimizing the closed-loop
normfrom w to z.



PRACTICE
Typical basdevel controlstructure
PID level



PRACTICE
Typical controlhierarcly



Relevantquestionsn practice

1. Is the planteasyor difficult to control?(controllability analysig?
2. How shouldthe plantbe controlled(plantwidecontrol) ? (THIS TALK)

Alan Foss(“Critique of chemicalprocessontroltheory”, AIChE Journal, 1973):

Thecentral issueto beresolved.. is thedeterminatiorof contiol systenstruc-
ture.

Whid variablesshouldbe measued, which inputsshouldbe manipulatecand
which links shouldbe madebetweerthetwo sets?

Thegapis presentndeed,but contrary to the views of many it is thetheoeti-
cianwhomustcloseit.



PLANTWIDE CONTROL (Controlstructuredesign)

The control philosphy for the overall plant with emphasison the structural deci-
sions:

e Which “boxes” (controllers;decisionmakers) do we have and what information
(signals)aresendbetweerthem

Not:

e Theinsideof theboxes(designandtuningof all the controllers)



CONTROL STRUCTUREDESIGNTASKS

1. Selectionof contwlled outputs(a set of variableswhich are to be controlledto
achieve a setof specificobjectves)

2. Selectiorof manipulationsand measuementgsetsof variableswhich canbe ma-
nipulatedandmeasuredor controlpurposes)

3. Selectiorof control configuration (astructuranterconnectingneasurements/comme
andmanipulatedrariables)

4. Selectionof contoller type(controllaw specificationg.g.,PID, decouplerLQG,
etc.).

Tasksl and2 combined:input/output selection
Task3 (configuration):input/output pairing

ApproachControl structur e design:

e Top-davn consideratiorof control objectvesandavailabledegreesof freedomto
meetthese(tasksl and?2)

e Bottom-updesignof the controlsystem startingwith stabilization(tasks3, 4, 5).



Controlledvariables
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Figure.l: Typical controlhierarchyin achemicalplant.

The setpointsof the controlledvariables(c,) are the (internal) variablesthat
link two layersin a control hierarcly, wherebythe upperlayer computeshe
valueof c, to beimplementedy thelower layer.



TASK 1: Selectionof controlledvariables
Two distinctquestions:

1. Optimization: Whatarethe optimalvalues(e.g. cypt)?

2. Implementation: Whatshouldbethe controlledvariables:?
(includesopen-loopby selectinge = )

First question: A lot of theory

BUT secondquestion: Almost no theory Decisionsmostly madeon experienceand
Intuition.



Optimization
Minimize costJ with respecto the degreesof freedomu
min Jy (u, d)

subjectto constraints
g(u,d) <0

GiveSu,t(d), copt(d), etc.

Degreesof freedomfor optimization
203 = N, = Ny, — Ny

“Free” dggreesof freedomaftersatisfyingconstraints

N, opt,free — < Vopt — N, active

(1)

(2)



Implementation
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Example: Cake baking
Goal (purpose):Well-bakedinsideandnice outside
Degreeof freedom Heatinputu = @)
Implementation

1. Open-loopmplementationConstanheatinput ()

e Problem: Sensitve to uncertaintyand optimal value dependsstrongly on size
of oven

2. Closed-loopmplementationConstantemperature

e c = oventemperature
e “Optimizer”. Cookbook(look-uptable)

Usedin practice.lnsensitve to changeg“self-optimizing™).



Self-optimizing control

C,s= constant

Cost J
C, = constant

1s
Loss

Reoptimized ot (d)

Disturbance d

Figure.2: Lossimposedby keepingconstansetpointfor the controlledvariable

Self-optimizing control is whenwe canachiere an acceptabldosswith con-
stantsetpointvaluesfor thecontrolledvariableqwithouttheneedto reoptimize
whendisturbancesccur)



Effect of implementation error

(@) (b) (©)

Figure.3: Implementingthe controlledvariable

(a) Implementatioreasy:Active constraintcontrol
(b) Implementatioreasy:lnsensitve to errorin ¢

(c) Implementatiordifficult: Look for anothercontrolledvariable]



Previouswork on self-optimzing control

e Morari, StephanopouloandArkun (1980):
"T ranslateecomomi®bjectiveanto control objectives”

"F ind a functionc of processvariables,which whenheld constanieadsautomati-
cally to the optimaladjustmenbf the manipulatedvariables”

e Shinnar(1981);Arbel, RinardandShinnar(1996):
"Dominant variables” (= naturalchoicefor controlledvariables)

e Luyben(1988):
"Eig enstructue’ (= thebestself-rggulationgandself-optimizingstructure)

e Fisher DohertandDouglas(1988,part3): HDA example

e Rijnsdorp(1991):
"on-line algorithmsfor adjustingthe degreesof freedonfor optimization’

e Narravay andPerkins(1991,1993,1994).
Basecontrolstructureselectionon processeconomics

e Marlin andHrymak(1997): Implementatiorof optimalsolution;active constraints

e Zheng,MahajannanandDouglas(1999). Minimize economigoenalty



Requirementsfor controlled variables
e SkogestachndPostlethvaite (1996;Chapterl0).

Theselectedsetof variablesc should:
1. Have asmallvariationin optimalsetpoints
2. Be easyto controlaccurately(smallimplementatiorerror)

3. Shouldbe sensitve to the manipulatednputs(u), i.e. have alargerange.
(Equwalently the optimumshouldbe flat with respecto c).

4. Be independenfnot closelycorrelated)

Thefour requirementsnay be combinednto thesingular valuerule:

Prefera setof controlledvariableswith alarge minimumsingularvalueof the
scaledgain matrix, o (G(0)).

Here
e Ac = GAu (linearizedmodel)

e Variablesc (andthus GG) are scaledsuchthat ||c — copi(d)|| =~ 1 (takes careof
requirementd and?2)



Selectingcontrolled variables
Today: Steady-stateptimizationis performedroutinely
Thus: Have themaintoolsneededor a properselectionof controlledvariables:

e Steady-statenodel
¢ Informationaboutoperationatonstraints

¢ \Well-definedeconomiobjectve (scalarcostfunction J to be minimized)



Procedure for selectingcontrolled variables

Step1l: Degreeof freedomanalysis. Determinethe numberof degreesof freedom
(Nopt = IV,,) availablefor optimization,andidentify a baseset(u) for the degrees
of freedom.

Step2: Cost function and constraints. Define the optimal operationproblem by
formulating a scalarcostfunction J to be minimizedfor optimal operation,and
specifythe constraintdhatneedto be satisfied.

Step3: Identify important disturbances(uncertainty).

e Disturbanceg — d* thatoccurafterthe optimization
e Implementatiorerrors(d.) in controlledvariablesc
Step4: Optimization.
Find the optimalsteady-stateperationfor variousdisturbances.

Step5: Identify candidate controlled variablesc.

e Normally implement‘active constraints”
o Leaves N, fee degreesof freedom:

— Typically, considemeasuredariablesor simplecombinationghereof.
— Wantto useconstant, = c,,:(d”).
— Useaborve requirementse.glook for variableswherec,,:(d) is constant



Step6: Evaluation of loss. Computethe meanvalueof thelossfor alternatve setsof
controlledvariablesc. Thisis doneby evaluatingtheloss

L(u,d) = J(u,d) — J(uppe(d),d); u= fo(cs+d.,d) (3)

with fixed setpointsc, for the defineddisturbancesi € D andimplementation
errorsd, € D..

Step7: Further analysisand selection.
e Selectfor furtherconsideratiorthe setsof controlledvariableswith acceptable
loss.
e Seelf they areadequatavith respecto othercriteriathatmayberelevant,such
like
— region of feasibility
— expecteddynamiccontrol performancginput-outputcontrollability)



Casestudy: Distillation

Propylene-propanaplitter

a=1.12
N =110; Np =239

Step 1l: Degreeof freedomanalysisGivenpressureandfeedrate
Nopt = N, =2
(e.g.selectedasD andV, or L andV)



Step2a: Costfunction
—J =P =ppD +ppB — prpl’ —pyV

Prices[$/kmol]
pp =20; pp=10—20xp; pr=10
Typical profit: P ~ 4 $/min
MaximumacceptabléossL: 0.04%/min=20000%/year
Step2b: Constraints .
e zp > 0.995 (Distillate purity specification)

o V<20 kmol/min (Maximumcapacity)
e (andF =1 Ekmol/min)



Will considerthreecases:
Casel: py =~ 0 (cheapenengy)
Case2: py = 0.1 [$/kmol]

Case3:. SameasCase2, but with feedrateasdegreeof freedom

Casel: Cheapenerngy (py ~ 0)

Both constraintsactve
e xp =0.995 (neveroverpurify valueablgoroduct)

e IV =20 kmol/min  (to maximizeyield of valueabldlistillate product)

Implementatiorftrivial”: Constantrp andincreasel/ until achieze max. pressure
drop (avoid flooding)



Case2: Trade-off betweenenergy and yield (py = 0.1 [$/kmol])
More detailedanalysisneeded

Step3: Disturbances.

d;: 30%increasan F

ds: zp from 0.65t0 0.5

ds: zp from 0.65t0 0.75

d4: Liquid fractionfrom 1.0 (pureliquid) to 0.5 (50% vaporized)
ds. Safetymamgin onzp: increaseurity from 0.995to0 0.996

In additiond,.. 20%implementatiorerrorsfor c



Step4: Optimization

D
Nominal  0.995
F=13 0.995
zrp =05 0.995
zp = 0.75  0.995
gr = 0.5  0.995
rp = 0.996 0.996

LB

0.040
0.040
0.032
0.050
0.040
0.042

D/F

0.639
0.639
0.486
0.741
0.639
1.274

L/F

15.065
15.065
15.202
14.543
15.133
15.594

V/F

15.704
15.704
15.525
15.284
15.272
16.232

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

Table 1. Optimaloperatingpoint (with maximumprofit P/ F’)

Step5: Candidate controlled variables .

L/D

23.57
23.57
31.28
19.62
23.68
24.47

e Bottomproductpurity constraintalwaysactve: xp = 0.995
e Oneunconstrainediegreeof freedom, N free = 1
e FromTablel: Controlzz at0.04

BUT: Expensve andcontrol problems

e Six alternatve controlledvariablesareconsidered
v, D/F; L; L/F; V/F;L/D

P/F

4.528
4.528
2.978
5.620
4.571
4.443



Step6: Evaluation of loss

xg= D/F= L= L/F= V/F= L/D-=
0.04 0639 15.065 15.065 15.704  23.57

Nominal 0 0 0 0 0 0

F=13 0 0 0.514 0 0 0
zp = 0.5 0.023 inf 0.000 0.000 0.001 1.096
zp = 0.7 0.019 2.530 0.006 0.006 0.004 0.129
qr = 0.9 0.000 0.000 0.001 0.001 0.003 0.000
rp = 0.996 0.086 0.089 0.091 0.091 0.091 0.093
20% impl.error  0.012 inf 0.119 0.119 0.127 0.130

inf denotesnfeasibleoperation
20%impl.error:zg = 0.048, D/F = 0.766, L. = 18.08, L/F = 18.08, V/F = 18.85,L/D = 28.28

Unacceptabléoss(largerthan0.04)shavn in bold face

Table 2. Loss[$/min] for distillation casestudy

e Losssmallwith 5 constant

e Also smallloss: L./ F or V/F constant.
e Poor: D/F (or D) constant

e All insesnitve to feedenthaly (¢r)

e Relatvely poor: L/D

a | arnalancewwnthh o~ 0O O0OEL (A irifinatiAarn)



e Include“feedforward” from F for L andV



Step7: Selectionof controlled variables . Lowestloss:
ZDp ZDp ZDp
rp L/F V/F
e “Two-point” structurec;: Difficult (interactve) controlproblem
e “One-point” ¢, or ¢; preferred

)

Proposeccontol system.

e [ IS usedto keepzp = 0.995.
e //F =15.70 is keptconstan{becausd’” mayreachconstraint).




Case3: Feedrateasdegreeof freeedom

e Threedegreesof freedom

e Additional constraint
ﬁ m ﬁSQH

Consider‘available” feedrate F;,,,, asaparameter

1. Low available feedrates, F,,.. < 1.274 [kmol/min]). (Sameasabore)
Proposecdcontol system:

e [ IS usedto keepzp = 0.995 (actve constraint).
e I/ is adjustedo keepV/F = 15.70 constant
e [ Is keptatits maximumavailablevalue F,,,, (actve constraint).

2. Intermediate available feedrates; 1.274 < F;,,,. < 1.566 [kmol/min].
Proposecdcontmol system:

e [ Isusedto keepzp = 0.995 (actve constraint).
e ViskeptatV,,.. = 20 (actve constraint).
e [ is keptatits maximumavailablevalue F,,,, (actve constraint).

As F,,.. IS increasedrom 1.274to 1.566,the optimalvaluez g of increasegrom
0.04and0.09.



3. Largeavailable feedrates, F},,, > 1.566 [kmol/min]).
Proposecdcontol system:

e [ IS usedto keepzp = 0.995 (actve constraint).

e VV iskeptatV,,.. = 20 (actve constraint).

e [ is adjustedo keepV'/F' = 12.77 constantalternatvely, we maykeepF =
1.566 constantput usingV’/ F' is betterif thevalueof V,,,., changes)

In thiscase:zgz = 0.09



Optimal operation: An ethical dilemma?
Both designandoperation:Maximize profit [$/min]

Profit = Product value — Feed cost — Variable costs
For example
P =ppD +ppB — prpF — pyV
Design
e [" given

e Maximize profit P = maximizevalueincreaseP/F' [$/kg]
Operation
e Often: F adagreeof freedom(with no effect on prices)

e Maximize profit P: Operateat capacityconstraint(s)and increaseF' until zero
limiting valueincreaseydP/dF = 0

e SmallerspecificvalueincreaseP/ F' thandesign
e Lesseffective useof raw materialsandenegy thandesign
Question:

e An environmentalandethicaldilemma?



A plantwidecontroldesignprocedure

Step

Tools(in additionto insight)

Top-down analysis:

CONTROLLED VARIABLES:

What is the control objectve and which vari-
ablesshouldbe controlled?

Goal: Obtain primary controlled variables

(1 =)

PRODUCTION RATE:
Whereshouldthethroughputbe set?
Thethroughputmanipulatorcannotbe usedfor
othercontroltasks,thusthis choicewill have a
large effect on the structureof the control sys-
tem.

Steady-statenodeland operational objectives
Degreeof freedomanalysis.

Determinethe majordistrubances.

Evaluate the (economic) loss, with con-
stant controlled variablesand look for “self-
optimizing” controlstructure.

The optimal choice may follow from steady-
stateoptimization,but may requirecontinuous
reconfigurationmayuseMPC to avoid this)
The throughput manipulator should have a
stronganddirecteffectonthe productionrate.




A plantwidecontroldesignprocedure

Bottom up design:
(With given controlled and manipulatedvari-
ables)

REGULATORY CONTROL LAYER.

The purposeof this control layer is to enable
manualoperationof the plant

Stabilization.

Selectionof measuremen@andinputsfor stabi-
lization (includingslowly drifting modes).

Local disturbancerejection.
Oftenbasedn secondaryneasurements.

SUPERVISORY CONTROL LAYER.

The purposeof this control layer is to control
the primary controlvariablegc).
Decentalizedcontrol.

We usea decentralizectontrol structureif the
processs noninteractingandthe constraintare
not changing.

Feed-forvard control andratio control may be
usefulhere.

Multivariable control

Use for interacting process(coordinationin-
cludingfeed-forward control).

MPC is useful for tracking the actve con-
straints(if the steady-stat®ptimizationshows
thattheactive constraintarechangingwith dis-
turbances).

Analysis

Pole vectos

Giveinsightaboutwhich measurementsndin-

putscanbeusedfor eachunstablanode.Select
large elements:Smallinput enegy neededand
large noisetolerated.

Partially controlled plant
Selectsecondaryneasurementg,) sothatthe
effectof disturbancesntheprimaryoutput(y; )
canbehandledoy the operators.

Contmwollability analysisfor decentalized con-
trol

Pair on relative gainarraycloseto identity ma-
trix at crosswer frequeng, provided not nega-
tive atstead-stateClosedoop disturbanceain
(CLDG) and performancegain array (PRGA)
may be usedto analyzetheinteractions.



CONCLUSION

QUESTION

e Why dowe controlall thesevariabledor whichtherearenoa priori specifications?
(temperaturegyressuresanternalcompositions, . .)

ANSWER:
¢ \We have dggreesof freedomthatneedto be specifiedto achieve optimal operation

e Thecontrolledvariablesarethelinks betweersteady-stateconomicsandprocess
control

e Selectthecontrolledvariablesto achieve self-optimizingcontiol



