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Abstract

This paper deals with the experimental controlrofrdrared drying process of a water based
epoxy-amine painting. This approach is based omdirectional diffusional modeling of infrared dng
phenomena where both heat and mass transfers simildtage conditions are accounted for. The control
problem is concerned with the tracking of any gitrajectory for one of the characteristics (i.e the
temperature or the mean water content) during thi@glcycle. This is solved using the well known
model predictive control framework where the nogdindiffusional model is directly used in the cohtr
formulation. Experimental results show the effiagmf the trajectory tracking. This method can be
extended for more general constrained control erabl
Keywords: drying process, heat transfer, mass transfer ginmedictive control.

1 Introduction

Reactive painting drying is an important industgedblem through its impact for the quality of the
final aspect of products in many industries (careglass plaint sheets, cans, etc.). The maircditfi
encountered during this operation is the evacuatidhe solvent. This solvent is needed to
simultaneously build the painting film and to eresthre film polymerization but should be avoided&o
trapped in the final dried product. Until now, tirge of volatile organic compounds (VOC) allowed the
control of this evacuation during the polymerizatreactions. But the enforced laws concerning
environment lead now to replace the use of VOChieyuse of water based solvent that evacuates less
rapidly and at higher temperatures than VOC. Tao@ee this problem, infrared drying has been widely
developed in industrial processes. Some studieaZ@k et al.,1974 ; Vrentas and Vrentas, 1994 )edkal
with diffusion problems with both infrared and watised as solvent.

The problem treated here is dealing with the oa-tiantrol of the drying cycle. A control strateggsto
be developed and has to be able to be implemerf@bda-line control, taking into account of natura
physical limitations or specifications (constra)ntherent to any process. An advanced model based
control strategy is well dedicated to solve thiastoained problem: model predictive control (MPC).
MPC or receding horizon control refers to a cladssomtrol algorithms in which a dynamic process elod
is used to predict and optimize process performaHoe idea is to solve, at each sample time, an-ope
loop optimization problem over a finite predictibarizon in order to find the value of the manipathat
variable that has to be implemented. The proceldumgterated at the next sample time with the tgpdé
process measurements. Historically, two MPC strasegere first developed in the 1970's and pemnit t
define the MPC paradigm. In 1986, the second gépnaraas able to handle output constraints. Today,
MPC has become an advanced control strategy wigsg in industry (Eder, 1999). Indeed, MPC is well
suited for high performance control since constsagan be explicitly incorporated into the formidat

of the control problem. Therefore, it is not a sig@to see that it is an important tool for cohtro



engineers where plant being controlled are sufiityeslow for its implementation: indeed, one havé
able to solve an on-line optimization problem. Mdetails and references on MPC can be found in (Qin
and Badgwell, 1996 ; Mayne et al., 2000).

The paper is organized as follow: first, the fipsiaciples diffusional model obtained in a previousrk

is briefly described. Then, the MPC strategy isaded. Finally, experimental results are shown.

2 Knowledge-based modelling

2.1 Painting formulation and characteristics

Due to the great complexity of industrial paintintiee experiments are realized using a water based
epoxy-amine painting formulated in our laboratdrliis permitted us to experimentally determined gver
physical, thermal and chemical properties (Blanal t1997). The painting film is composed of two
elements:
» aresin constituted of an “oil in water" emulstdrDGEBA (Diglycidylether of Bisphenol A)
which condensation index is equal to 0.15,
» a hardener composed of a primary triamine solubigater. Currently used in the painting
industry, it is named Jeffamine T403.
During the experiments, this painting film is cahte low thickness (between 30 and 300 mm) on @m ir
substrate (also named the support), that has lrséléssically treated at its surface like in the
automobile industry. The painting characteristied aupport characteristics can be found in deitails
(Blanc et al., 1997).During the drying, two phenommeccur: the solvent vaporization (the water & th
present case) and the reticulation. Given the dymafthese phenomena (respectively about 1008héor
vaporization and about 100min for the reticulatiothe present experimental conditions), the
reticulation phenomena is not taken into accouttismwork. Thus, drying characteristics depend/aml
the temperature and the humidity. Moreover, a regligible deformation of the film happens during th
drying due to water content (40% of the humidityng basis). Given the low sample thickness with
respect to its surface, this deformation phenoneoharacterized by the sample thickness variation.

2.2 Infrared Dryer

The near infrared panel curing dryer used durirgetkperiments was previously described in details
(Blanc et al., 1998). The instrument part is congglosf a pyrometer that allows the on-line tempeeatu
measurement of the sample at the upper surfaca pretision balance that allows the follow-up & th
sample and support set mean mass. The accuraeg ohosen balance is 0.001g since the water loss
mass is in the order of 0.4 g for a total mass ah0Qg (painting plus support). The infrared pasel
composed of 9 quartz lamps with a tungsten filanneet in the wave length about ju# that allows to
obtain over the sample flow densities that rangeéen 0 and 12 kW/m2,

2.3 Drying modelling

The dynamic model of the painting film sample inéGdrying is characterized by the assumed uniform
temperature T and by the humidity X in dry basise Temperature is assumed to be constant duewhe lo
thickness of the sample and due to the thermabckexistics of the support. This assumption hags bee
experimentally checked. The partial differentialiation (PDE) mode§,, is deduced from the

following mass and energy balances.

24 Masstransfer



In the case of shrinking material, assuming animstional transfer along the thickness z, thedfanof
the solvent is diffusional and convective. In aneian (fixed) framework (z,t), this transfer isittion of
the solid deformation rate. By introducing a lagjian (mobile) frameworké(t), this leads to write the

diffusion equation of the solvent as follow (Blagical., 1998):

at  0E(Q+BX)2 08
One has introduced the new independent space lexmi@lio account for the shrinkage phenomena
assumed to be characterized by a linear relation:

6X(E,t)=i( D axj

d_ 1
dz 1+p'X

The initial condition is, at t=0 and fOi< & < 9, , X(&,t) = X; and the two boundary conditions are:

= [Jt>0andaté=0:

OX(&.t) _ 0
0¢
= [Ut>0andatf =9,,:
m(x,T)= - Pe 90X

(1+B°X)? 0§

Whererﬁ(Y,T), the drying rate, is expressed by the film thg@&iyd et al., 1960) anK is the mean

humidity in dry basis. As reported in the liter&dior polymeric solutions (Okazaki, 1974), it isasmed
that the mass diffusion coefficient varies witk temperature and with the humidity content accwydo
the relation:

Ea a'
D =D, exp(—==)exp(-—)
RT X
whereD, represents the pre-exponential factea, is the activation energy and a' is the humidity
parameter.

25 Heat transfer

Due to the small painting film thickness and dughgreat thermal heat diffusivity of the iron pop,
the temperature of the whole system (painting filisupport) is assumed to be uniform. Consequently
and neglecting the heat due to the reaction, aratheeat balance accounting for the radiative ted
convective heat losses and the evaporation loEsgsl() leads to:

pp~p

(P08, +9:0,:8.) T = 1, (X )=, (T =T,) =0,(T* = T)=h,(T =Ty) = a,0(T* ~T) =L (Th(X, T)

with the initial condition T(t=0)=Ti and where tl&rared flow q(t) is the manipulated variable.
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Figure 1: Thermal Flows.

3 Process Control Strategy

3.1 Control Problem

At the end of the drying cycle, the final produbtained as to be usable: bubbles and fissures piem
that can happen during the polymerization readt@ve therefore to be avoided. To ensure the final
product quality, paint producers propose to track&farence temperature trajectory during the drying
cycle in order to extract water as best as posbiblere polymerization reactions starts. Thereftire,
control problem considered here is to allow thecpss controlled variable (i.e. the temperaturder t
mean humidity in dry basis) to track any kind ofié¢-varying reference trajectory. Due to the lack of
space, only experimental results for the tempeeataicking will be shown. This leads to determine o
line the process manipulated variable (i.e. theamefd flow) to apply during the drying cycle. Moveo,
process physical limitations concerning the magtatand the velocity of the manipulated variableehav
to be taken into account in the problem resolution.

3.2 Mode Predictive Control Strategy

In a previous work (Larabi et al., 2000), we havedduced the model predictive control (MPC) stsgte
to solve this trajectory tracking. The control peoh is then stated as an on-line optimization probl
over a receding horizon Np where the performandexn) to be minimized reflects the trajectory
tracking task. Since the problem will be solved eugally, a mathematical discrete time formulatisn
given. The tracking objective can be written asithigal constrained optimization problem at théumsd
discrete time k:

j=k+N

mind@= 3 [y () -y, (F

j=k+1
U = [u(k) = §(K)....u(j) = (j)...u(k +Nc 1) = g(k + Nc - 1)
and 0j0{k +Nc,....k +Np -1} : u(j) = u(k + Nc - 1)
subject to constraints on the manipulated variable :
Unin < U(J) < U 0§ Ok + 1k + Np}
Au,,. <u(j)-u(j-1) < Au,, Oj0{k + 1k +Np}




In this formulation, it is first to notice that the performance index J expression, the knowlefigjieeo
process outpuy, is required over the prediction horizon Np (i@. future times). These informations

are obviously not available at the present timieut,this problem can be overcomed using the IMC
structure. In this structure, the manipulated \deas applied to both the process and its modak T
structure allows to reformulate the tracking praiule

Yiert 1) = Y5 1) =Ya(D) =Y m(D) = (Veer () —€0)) =¥ ()

Assumption: (Morari and Zafiriou, 1983)
The error e between the process output y, and the model output y,, remains constant over the

prediction horizon Np . The error value is updated at each sampled time k thanks to new measurements
from the plant.

According to this assumption and with the IMC stuue, the performance index J to be minimized can

be expressed as:
j=k+Np

@) = D (Veer () —€(k) ~ Y ()2

j=k+1
where the model is introduced into the control athm. From a practical point of view, the second
problem is the computational time aspect. Indegsdk, @an be seen in the new performance index
formulation, the model aims to predict the futuyaamic behavior of the process output over a finite
prediction horizon Np and therefore has to be sbiweline. To reduce the on-line nonlinear PDE nhode
resolution time, we use a linearization methoddg@lsi, 1972) of the nonlinear mod8|, about a similar

nonlinear model5, computed off-line by choosing its inpug (Larabi et al., 2000). Finally, the off-line
solved nonlinear mode$, and the on-line solved linearized mo&sl,, replace the initial nonlinear
model S,, as depicted Fig. 2.
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Figure 2: Time Varying Linearized Internal Model @l (TVLIMC) structure.

The control objective is now to find the variatidm of the manipulated variable u about a chosen
trajectoryu, leading to the best optimization result. A conisd optimization problem including an on-

line resolution of the linear mod&, ;,, has therefore to be solved (Larabi et al., 2000 last point is

concerned with the way to handle input constraithiis: is done replacing the constrained paramater
by an unconstrained paramef&p through a simple hyperbolic transformation (Fletgli 987 ; Larabi et



al., 2000) that uses the constraints bounds. Ogtm4traints can also be accounted for through an
exterior penalty method (Fletcher, 1987). The o@énargument is now an unconstrained argument and
any unconstrained optimization algorithm can balusesolve the final on-line penalized optimization
problem: widely known and used for its robustness @nvergence properties, we apply the Levenberg-

Marquardt’s algorithm (Fletcher, 1987), where thegmeterAp are determined at each sample time k
using the model prediction and the process measmnem

4 Experimental results

In this first attempts, the control horizon Ncusiéd to 1: It allows to minimize the on-line comgdidnal
time. Experiments have been realized to point leeiirifluence of the control tuning parameter Nprove
the tracking performance.

4.1 Operating Conditions

The operating conditions are the following one:

* the linearization abous, is performed withu,=5000 W/m?2 and with the initial conditions Ti=
36 °C andX;=0.4 kg/kg,

= the value for the sampling period Ts is 1s,
= constraints bounds are;,,, =12,000 W/m2u_.. =0 W/m?, Au,,, =500 W/m?,Au ... =-500 W/m?,

= atmospheric conditions ar&_, = 20 %, T, =52 °CT, = 20 °C,

» the control algorithm, written in Fortran code, l@en combined to C code in order to realize the
interface with the sensors and the actuator,

» the processor rate is 400 MHz.

min

. . : J
In order to compare results for any value of N ortroduces the normalized cost functide Np
Y

4.2 Temperature Reference Trajectory Tracking

From Fig. 3, one can see that the tracking objeati\correctly achieved in all cases.
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Figure 3:.Temperature trajectory tracking (left)daracking error (right)
for Np=3 (dotted), 6 (solid), 12 (dashed).

Moreover, the intermediate value Np=6 for the hamiprediction gives the best result:



= with a small prediction horizon (Np=3), the disdantties handling (around k=80, 120 and 200)
is less efficient than with Np=6 as confirmed bg thalues taken by the normalized cost function.
In this case, informations quantity available démseg the future process behavior are
insufficient. In a way, with Np=3, the problem iaddy stated for its resolution, as we can see on
the applied control: when the three discontinuigiemts appear, the infrared flow is always either
saturated in magnitude or in velocity (Fig. 4). Tmimizer does not correctly capture the future
behavior of the process. Then, the algorithm tead®ften to find a non admissible solution and
to do bang-bang control. This leads consequentbotiy tracking performances ;

Magnitude (W/m?)

Velocity (W/m?/s)
s68 . 588

0 50 100 150 200 250 300

Time (s)

Time (s)

Figure 4:.Magnitude (left) for Np=3 (dotted), 6 l{dp, 12 (dashed)
and velocity (right) for Np=3 (dotted)for the infeal flow.

» increasing the prediction horizon value to 6 angdth@ infrared flow becomes more and more
smooth (Fig. 4), but with a big prediction horizdtp=12), another problem appears for
0<k <80: the model, qualitatively true, is quantitativédyse. Since more values calculated by
the model resolution are taken into account inogimization problem, the criteria minimization
is less efficient than in the case where the pteidciorizon take an average value for (Np=6).
This is confirm when tuning Np to values highemhz2.

Therefore, the prediction horizon value Np=6 is tlogptimal™ choice for this main parameter: Nmed
to5,7,8,9, 10 or 11 it was giving less intarestesults.

5 Conclusion

In this paper, an efficient approach for the om-lgontrol of an infrared drying process has beemvah
The model predictive control approach uses a dofud model leading to the knowledge of the drying
characteristics, i.e the temperature and mass mohteallow the on-line application of this methdide
nonlinear diffusional model is first solved off4¢inAdjustments in the infrared flow to apply arerth
computed on-line using a linearized model involirethe constrained optimization problem. The final
tracking experimental results are very interestihghows that this two-phases MPC approach altows
determine a physically applicable infrared floweTihfluence of the MPC tuning parameter, i.e the
prediction horizon, has been point out even ifrdgults are acceptable is all cases. Moreovere sire
balance measurements can be very noisy, a newagpi®under study for a better humidity set points
tracking: it is concerned with a soft sensing applowhere both the model and the unnoisy temperatur
measurements are needed instead of the balancener@asts. Moreover, since any objective function
can be stated, one could introduce a new one #matlé directly the final properties of the product.
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