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Abstract

A trajectorytracking strateyy is presentedor processesle-
scribedby a parabolicnonlineardistributed parametemodel.
A model-basegredictive controlapproachcombinedwith an
internalmodelcontrol structureanda stateestimationmethod
is extendedto this kind of process.On-linerequirementsuch
ascomputationatime and constraintsatisfictionare outlined
anddiscussedThis methods thenimplementedor thecontrol
of adrying processandexperimentakesultsarediscussed.

1 Intr oduction

Most industrial control needsinvolve the designof a robust
controller capableof achieving a trajectorytrackingin spite
of inevitable modeluncertaintiesand physicalconstraints.In
the meantime,the developed processmodels have become
more and more complex and nonlinearin order to describe
changedn operatingconditions parametevariations comple
dynamicbehaior. Usedin food processingaswell asin dry-
ing processingicroscopiadescriptionof phenomengeadsto
amodeldescribedy asetof partialdifferentialequationsThis
modelis usedfor the controlof thetemperaturdistoricduring
thedrying procedure.

The purposeof this paperis to presenta trajectorytracking
stratgyy for a classof nonlineardistributedparametesystems.
Only few practicalworksdirectly dealwith the controlof such
systems. Evenif the existing onesare basedon interesting
structuresthey deal neitherwith complex nonlinearitiesnor
with a setof partial differentialequationg6, 8]. Furthermore,
agreatchallengds to beableto controlthis kind of processn
real-time. The Model Predictive Control (MPC) approacthas
beensuccesfullyappliedin industryto processedescribedy a
setof linearor nonlinearordinarydifferentialequationg1]. In
this paperthe MPC formulationis extendedfor the control of
procesglescribedy a nonlineardistributedparametesystem
subjectto constraintson the manipulatedvariable. Modifica-
tionsarenecessargueto the on-linecontrolrequirements.

This paperis organisedasfollow: in section2, the painting
film drying plant- modeledby a nonlineardistributed param-
eter system-is presented.In section3, the MPC methodol-
ogy is briefly mentionedandthe considerectontrol problem
is stated. Then, on-line requirementsuchas computational
time, constraintsatisaction, disturbedmeasurementare ad-
dressed.A solutionis presentedo reducethe computational
time neededor the modelresolutionandto take into account
the constraints.Finally, experimentalresultson a real drying

processllustratethe capabilitiesof this approactin section4.

2 Drying process

A laboratoryplanthasbeendevelopedn orderto dry apainting
film samplecoatedon a cariron supportby infraredradiation
[2]. Theplantis describedigurel with the infraredpartand
with theinstrumentiorpart.
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Figurel: Drying process.

Thethin paintingfilm sampleis characterisedy its tempera-



tureassumedo be uniform T'(¢) andby its dry basishumidity
x(z, t) assumedo varyaccordingo thethickness: of thesam-
ple. Theseassumptionfiave beenchecled experimentally[2].
Thedrying procedurdeadsto waterlosseghatproduces vari-
ationin the samplegeometry Consideringhe surfacesizeand
thelow thicknesf thesamplethewaterextractionleadsonly
to the linear reductionof the samplethicknesse,, with respect
to themeanhumidity x:

(1)

wheree,,. is thefinal constantdried thicknessof the sample

and:
1 €sec
/ x(z,t) dz
0

esec

€p = esec(l + ¢ X(1))

(2)

2.1 Energical balance

Thetemperaturd(t) is assumedo be uniform on the sample
andsupportset. Taking into accountof the differentlossesP;
aswell astheabsorbednfraredflow representerigure2, the
enepgical balancdeadsto:
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Figure2: Thermalflows.

_ dr >
(pPCP(Xa T)ep + pscses)% = - Zpi + Pops (3)
i=1

prCp(x, T)ep andp,;Cse, arerespectiely the surfacethermal
capacityof the painting film sampleand the surfacethermal
capacityof thesupport.

Different lossesdue to the natural corvection and radiation
phenomenan bothsurfacesareexpresseds:

P, = h(T -Tp) (4)
P, = on(T*-Ty) (5)
Py = h(T—T) (6)
Py = as0(T*-T)) (7)

Thewaterloss Ps depend®n thedrying velocity i (y, T'):

The absorbedlow P,;; dependon the manipulatedsariable,
i.e. theinfraredflow ¢;,(t):

Pabs = Oy ()_()SOM' (9)

2.2 Massbalance

Sincethereis nomacroporoustructurethewatermigratesnto
the upperradiatedsurfaceonly by diffusionphenomenonUs-
ing the Fick law, the masshalancecanbe written as:

o forz € Q =0, egecl:

ox 0 ox
i &[Deff(% T)g]

with theeffectivediffusioncoeficient D,y dependingn
the humidity andthetemperature:

(10)

Doemp(_Ta)ea:p(_R_ETa)

e atz = 0, i.e. atthe paintingfilm samplelower surface,
thereis nowatertransfer:

(11

ox
= =0 12
P 12)
e atz = e4, theoutgoingflow is linkedto the drying ve-
locity through:
ax _ m(x,T)
-D, )= = 13
16T, P (13)

2.3 Distributed parameter model

Fromthe previous heatand massbalancesthe drying process
can be representedby the parabolicnonlineardistributed pa-
rametersystem(Syz,):

(5 = FDeps (6 T) G for 2 €10, eaecl, £ > 0

ar _
dt

=38 PitPabs
PCp(X:T)ep+psCses

Vzel0,ese], t>0

with the scalarinput:
u(t) = pir(t) fort >0

with the output:
y(t) = x(t) = o= Jo" x(2,t) dz

€sec

(Sn

L) (14)

with theboundaryconditions:
9X = 0forz=0,t>0
—Dess(x, T)Z = ﬂ’;’—Tl forz = egec, t >0

with theinitial conditions:
X(Z,O) = Xi > vz € [ansec]7
\ JW(O) = 1}




All parameteraluesandremainingexpressionsanbe found
in [7].

Remark 2.1 Accoding to the spatial uniform property as-
sumptionon the tempeature, the control problemis a dis-

tributedcontmol problem:indeed themanipulatedrariable, i.e.

the infrared flow ¢;,.(t), actsinstantaneouslat the boundary
(z = esec) aswell asover the paintingfilm sample

3 Model Predictive Control strategy
3.1 MPC methodology

For a SISO (single-input, single-output)system, the MPC
objective is to determinea sequenceof N, future controls
u(k + i) (with i = 0,..., N, — 1) by the minimization of
the costfunction J over a finite horizon N,, at eachsampled
time k:

j:k+NP

¥
j=k+1

J= [Yres(4) — yp(j)]2 (15)

N, andN,, respectiely denotethecontrolhorizonandthepre-
diction horizon.y,. is thereferenceo be tracked by the pro-
cessoutputy,,. At eachsampledime, only thefirst component
of the optimal control sequencés appliedto the plant. At the
next samplinginstant,measurementare updatedandthe op-
timization problemis solved again. This methodologyis also
referredto asrecedingor moving horizoncontrol. Oneof the
reasonf its succesfulapplicationin industry since25 years
is its ability to explicitly handleconstraintsn the problemfor-
mulation[9].

3.2 Control problem statement

For real applications,the dried painting film sampleshould
satisfy quality requirements:neitherbubblesnor fissuresare
allowed. To ensurethe final productquality, paint producers
commonlyprovide a temperaturgeferenceprofile during the
drying cycle. However, a humidity referencetrajectorycould
alsobearelevantprofile for thedrying proceduresinceit is the
mostrepresentatie data.

In this study the objectie is to tracka humidity referencera-
jectoryin presencef constraintson the manipulatedvariable
u(t). A MPC stratgy involving a distributed parametesys-
temis well-adaptedo satisfythesecontrolrequirement$§4, 5.
The referencerajectory y,.¢, is the humidity reference.The
proces®utputsy,(j),overthepredictionhorizonareunknavn
but they arepredictedfrom the processnodel.

3.2.1 Computational time requirement

The processnodelplaysa crucialrole in termsof control per
formance. A greatpart of the computationatime is devoted
to the modelresolution. The resolutionof this nonlineardis-
tributed parametemodel can be prohibitive in termsof time
especiallywith small sampledtime like here(1s). As a con-
sequencethe initial model (Syy,) is divided into a nominal

nonlineamodel(Sy) computedff-line andatime-variantlin-
earizedmodel (Srv 1) thathasto be solvedon-line. (Srv 1)
representthevariationmodelaroundhenominalbehaior and
is obtainedby alinearizationof (Sy 1) overthegivenreference
trajectorylikein [4]. All themodels(Sn 1), (So) and(Stvr)
aredistributed parametemodels. For batchreactorlike here,
(So) can be solved off-line and uo can be tuned arbitrary
Theon-lineresolutionof the nonlinearsystem(Sy 1) is trans-
formedinto the on-lineresolutionof (Sry 1) consequentlye-
ducingthecomputationatime. Takinginto accounthesemod-
ifications,theinternalmodelcontrol structurebecomestime-
variantlinearizedinternalmodelcontrol (TVLIMC) structure
depictedrigure3.
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Figure 3: Time Variant Linearized Internal Model Control
(TVLIMC) structure.

yo (k) is the(Sp) nominaloutputcomputedbff-line, Ay,, (k) is
the (S ) outputvariationcomputedn-line duringthe opti-
mizationresolutionandy,, (k) is the modeloutput: y,, (k)
Yyo(k) + Aym (k).

Theobjectiveis now to find the controlvariationAwu (k) of the
manipulatedvariableu (k) arounda chosentrajectory ug (k)
leadingto the bestpossibleoptimizationresult.

Remark 3.1 Dueto the TVLIMC structuie and assuminghat
theerror e(j) = yp(j) — ym (j) remainsconstanoverthepre-
diction horizon,thetracking problemcanbereformulatedas:

(16)
17

va(j)
Ya(j) — ym(J)

Yrer (3) — Wp(4) — ym(4))
Yrer (3) — yp(5)

Accordingto the TVLIMC structure,the trajectory tracking
can be expressedas the following constrainedoptimization



problem
( . ~ j:k+NP . . . 2
min J(Aw) = % [a(j) = 40() + Aym ()]

Ad = [Au(k) ... Au(k + N, — 1)]T

Au(j) = Au(k+ N, — 1)

Vje{k+ Ney.., k+ N, — 1

subjectto constrainton the manipulatedrariable:
uw(j) = uo(4) + Au(j) , T. = thesamplingperiod
Umin < U(J) < Umax

Aumin S U(])_;f(]_l) S A'U/max

\ andsubijectto the (Sry 1) modelresolution.

3.2.2 Constraints handling

The constrainedhonlinearoptimizationproblem(18) is trans-
formedinto anunconstrainecdhonlinearoptimizationproblem
by usinga hyperbolictransformationaw for the constraints.
This law transformsa variable with upperand lower bound
constraintgi.e magnitude yelocity andacceleratiorrate)into
a new unconstrainedvariable. Then, ary unconstrainedp-
timization algorithm can be appliedfor the resolution. The
Levenbeg-Marquadt algorithm hasbeenchosenfor its effi-
cieng to solve this kind of problem.

3.2.3 State-estimator

Practicalproblemdik e disturbedmeasurementsr unavailable
measurementsreinvestigated Noisy anddisturbedmeasure-
mentscould be prejudicialto an efficient tracking. In orderto
overcomethis problem,a stateestimatoris thenintroducedin
the control stratgyy structure(Figure4). A feasabilitycondi-
tion is thatthe variableto be estimatednotedy.;, is sensible
to the changef the measuredsariabley,. In all casesthe
estimationrdepend®n the quality of themodel.

u(k) yp(k)

} Process

a(k)
4

Yref (k) Y —
+® ® Optimization
_ = algorithm

Yest(k)

Figure 4: Modified Internal Model Control structurewith a
stateestimator

4 Experimental results
4.1 Operating conditions

The objectve is to track a humidity referenceprofile for the
paintingfilm drying processdescribedrigure 1. The control
variableis the infrared radiation ¢;,(t). The nominalinput
is ug = 5000W.m~2.s~! andthe samplingperiodis 1 sec-
ond. The constraints(magnitudeand velocity) on the ma-
nipulatedvariable are: umax = 12,000 W.m™2, umin =
0 Wom™2, Atmax +500 Wom =251, Aumia
—500 W.m—2.s~ . Theinitial conditionsareT; = 36 °C and
xi = 0.4 kg.kg—!. Themodels(S,) and (Srv ) aresolved
by thefinite volumemethod(10 volumes).

4.2 Experiments

Thepredictionhorizoninfluenceis pointedoutthroughsereral
experiments.The controlhorizon V. is in thesefirst attempts
equalto 1 in orderto reducethe computationatime.
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Figure5: Trajectorytrackingfor N, = 8s,12s, 15s.

The tracking of the humidity referencetrajectoryis correctly
achieved whatever the predictionhorizonvalue (Figure5). In
all casesthe specifiedimitationson theactuatorsaresatisfied
(Figure®6).

The run with prediction horizon N, 12s seemsto sat-
isfy the best compromisebetweenthe computationaleffort
and the tracking efficiency. Indeed,a long prediction hori-
zon (N, = 15s) leadsto poor trackingperformancedecause
of the computationaltime requiredand the difficulty to find
an optimal solutionon time. With a shortpredictionhorizon
(N, = 8s), informationaboutthe future processbehaior is
insufficientto anticipatethe change®f thereferencdrajectory
behaior andto prevent constraintsviolation. Much effort is
spendon simulationandtestsfor tuningthe predictionhorizon
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Figure 6: Magnitude of the control variable for N, =
8s,12s,15s.

parameter The predictionhorizonvalue dependslsoon the
“quality” of the model. Moreover, the robustnesf the IMC

structureis confirmedby theseexperimentssincethe tracking
is achievedin spiteof modelingerrorsanddisturbancegFigure
7). Themodeloutputy,,, doesnottrackthereferencdrajectory
yp but themodifiedreferencey,.
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Figure7: Model outputy,, for N, = 8s,12s, 15s.

Thelast point is concernedvith a practicalpoint. Firstly, the
humidity is not directly measurecbut is calculatedfrom the
measuremerdf thewatermasdossesdy meansof avery sen-

sitive balance.This measuremerits very noisy anddisturbed.

Secondlythe humidity is difficult to measuren industrialim-
plementations.So the temperaturegasymeasurableis used

to estimatethe humidity (Figure8). Temperatureshangesn-
volve humidity changesandthen the feasability condition of
estimationin closed-loops checled. At the endof the exper
iment, a disturbanceappearsdue to the measurementincer
tainty andaffectsthe control performanceWith the estimated
humidity, the problemis overcome. The differencebetween
themeasuremen@ndthe estimatess dueto themodelbut the
IMC structureis ableto copewith modeluncertaintiegFigure
7).
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Figure8: Measuredandestimatechumidity.

5 Conclusion

A trajectorytracking approachfor a parabolicnonlineardis-
tributedparametesystemhasbeenpresentedA model-based
predictive controlstratgy wasextendedto this kind of model.
Experimentatesultshave shavn the efficiency andtherobust-
nesof this approachThetuningof the predictionhorizonhas
beendiscussed A stateestimatorhasalsobeenusedto cope
with disturbancesn the noisy humidity measurement.
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6 Annexe

6.1

Drying velocity

The pressuredifferencebetweenthe sampleand the ambiant
air leadsto aninsideoutwatermigration. Thisis characterised
by thedrying velocity i (, T):

. P,
m(x,T) = P lOglo[P:

kmmy 2 - Xaz'ersat (Th)

"0 P 1)) 0

R T+ Ty

wherethe saturated/aporsaturationP,, , (T') is givenin mil-
libar by the expression

T T
lOQIOPvM, (T) = Co(l — Tl) — Cllogmf—k

Co(1 — 10-Ca(T/Ti=Dy
C,(10%0-T/T) _ 1) 1 g (20)

Theactivity a,, () is thesolutionof:

%) _ Aray, (%) + A204 (%) + 43 (1)




