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PAINTING DRYING USING A HUMIDITY
PROFILE SOFT SENSOR AND A
TEMPERATURE MEASUREMENT
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This paper deals with the model predictive contblan

infrared drying process of a water based epoxy-ampainting.
During the drying cycle, the control problem isajatimize the
use of the process under constraints. This apprisdudised on
a nonlinear dynamic unidirectional diffusional mbaé the

infrared drying phenomena where both heat and tnassfers
under shrinkage conditions are accounted for. Tiolat® our
approach, simulation results presented here detd thie

minimization of the processing time while accougtifor a

constraint specified on a difference of humiditsiite the
sample.

Keywords: infrared drying process, observer basedahpredictive control,
painting drying, heat and mass transfer
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Introduction

Reactive painting drying is an important industpabblem through its
impact for the quality of the final aspect of pratiuin many industries (cars,
preglass plaint sheets, cans, etc.). Optimal imdistse of an infrared dryer may
lead to the minimization of any objective functiamile handling any quality
constraints dealing with the drying characterisfios. the temperature and the
humidity profile). These constraints deal with fiveal product quality: bubbles
and fissures phenomena that can happen duringtimerization reaction have
to be avoided. Model Predictive Control (MPC) oceading horizon control
refers to a class of control algorithms widely usedndustrial applications in
which a dynamic process model is used to optimizegss performance (Qin
and Badgwell 2003). MPC is well suited for high fpemance control since
constraints can be explicitly incorporated into feemulation of the control
problem. In this paper, we present the use of a MR&tegy (Dufour et al.
2003) that allows here, for an infrared drying mss of a water based epoxy-
amine painting, to minimize the operating time whalccounting for a constraint
dealing with a difference of humidity inside thengde. Indeed, quality
constraints are not known for the moment but they@obably based on the
humidity gradient profile inside the sample sinteésithe inner driving force
during the drying. Our approach was previously expentally validated for the
trajectory tracking of the measured temperaturthermeasured mean humidity
(Dufour et al. 2004). In this paper, the unmeasumaahidity profile is assumed
to be estimated by a soft-sensor (observer): & tise value of the infrared flow
applied, the measured temperature and the paiffatantial equation (PDE)
model. The paper is organized as follow: first, fhst-principles diffusional
model obtained in a previous work is briefly delsed. Then, observer aspects
are briefly discussed and the MPC strategy is rdedn Finally, simulation
results are discussed.

Knowledge-based M odeling

Painting formulation and characteristics

Due to the great complexity of industrial paintinie painting used here is
a water based epoxy-amine painting formulated inlaboratory. This permits
us to experimentally determine every physical, tf@rand chemical properties
(Blanc et al. 1997). The painting film is composéddwo elements:
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= aresin constituted of an “oil in water" emulsailDGEBA
(Diglycidylether of Bisphenol A) which condensatimiex is equal to
0.15,

= ahardener composed of a primary triamine solubleater. Currently
used in the painting industry, it is named Jeffamid03.

During the experiments, this painting film is cahta low thickness (between
30 and 30Qum) on an iron substrate (also named the suppbu}, Has been
first classically treated at its surface like inetlautomobile industry. The
painting characteristics and support charactessten be found in details in
(Blanc et al. 1997). During the drying, two pheno@eoccur: the solvent
vaporization (the water in the present case) amdréticulation. Given the
dynamic of these phenomena (respectively about fd@Qbe vaporization and
about 100min for the reticulation in the presentezimental conditions), the
reticulation phenomena is not accounted for in thagk. Therefore, drying
characteristics depend only on the temperaturettaadiumidity. Moreover, a
non negligible deformation of the film happens dgrthe drying due to water
content (40% of the humidity in dry basis initiglhGiven the low sample
thickness with respect to its surface, this defdioma phenomenon is
characterized by the sample thickness variation.

Infrared dryer

The near infrared panel curing dryer used durirggdkperiments was
previously described in details (Blanc, Laurent aAddrieu 1998). The
instrument part is composed of a pyrometer thawallthe on-line temperature
measurement of the sample at the upper surfaceagmécision balance that
allows the follow-up of the sample and support mean mass. The infrared
panel is composed of 9 quartz lamps with a tungt@ment used in the wave
length about 1.2im that allows densities ranging between 0 and 12N

M odeling

The dynamic model of the painting film sample iné@ drying is
characterized by the temperature T and by theildiseéd humidity X in dry
basis. The temperature is assumed to be lumpedhduw thickness of the
sample and due to the thermal characteristicseo$tipport. This assumption has
been experimentally checked. The following PDE nhadededuced from the
following mass and energy balances.
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Mass transfer

In the case of shrinking material, assuming a wedional transfer along
the thickness z, the transfer of the solvent ifudibnal and convective. In an
eurelian (fixed) framework (z,t), this transferfusiction of the solid deformation
rate. For the solvent, introducing a lagrangian iited framework §,t), the
diffusion equation (more details may be found ida(® et al. 1997, Blanc
Laurent and Andrieu 1998)) is:

ot o0& kY3 @

X(&t) _ a [ D(X,T) X
L+ B X)? 0¢

One has introduced the new independent space lesigbto account for the
shrinkage phenomena assumed to be characterizadirmar relation:

d 1
@1 @
dz 1+48°X
The initial condition is, at t=0 and for< ¢ < Jg, , X(¢,t) = X;.
The two boundary conditions are:
. Dt>0andat£:0:m:0 3
0¢
- D(X,T
= 0t>0 andaté =3, m(X,T)= DOCT)Pay 0X @)

@+ B X2 08

where m(YT) the drying velocity, is expressed by the film ahe (Bird
Stewart and Lighfoot 1960) an¥(t) is the mean humidity in dry basis. As

reported in the literature for polymeric solutiof@kazaki et al. 1974), it is
assumed that the mass diffusion coefficient vasigis the temperature and with
the humidity content according to the relation:

D(X,T) = Dy exp(—%) exp(—%) 5)
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Heat transfer

Due to the small painting film thickness and duehe great thermal
heat diffusivity of the iron support, the temperatuwf the whole system
(painting film + support) is assumed to be unifo@ensequently and neglecting
the heat due to the reaction, an overall heat balascounting for the radiative
and the convective heat losses and the evapolaieas (Figure 1) leads to:

a7 _ (RN =Ty =T =) =T =Ty e =) - M&T)
dt (ppcppap +pscp555)
whereT(t =0) =T, and the infrared flowg(t) is the manipulated variable.

A Evaporation .
~ Natural convection
Radiation -
Th Infrared roN T Palr)tmg film
' LA ¢-=Oyry
T
| I
D ot
T ¢ Radiation Natural convection Support

Figure 1: Thermal Flows.

Observer Design

Observer is a software sensor (algorithm) usecduge the effects of
noise of measurements as well as to estimate Vasiathich are not measured.
This tool originated from control science, and wasally developed for linear
dynamic systems and has been more recently extetodadn-linear dynamic
systems. If the model fulfils the so-called “obsdility' properties, the software
sensor provides real-time estimates of the keyge®wariables. The point of
this theoretical device lies in the juxtapositiointiee two types of information
available on the system: its theoretical behavempported by the model, and its
real behaviour represented by the on-line measuresmd@he observers were
first developed based on an ordinary different@haion model. In our work,
we assumed that an observer based on the PDE tilad&l (Ligarius Gauthier
and Xu 1998) is available. Finally, based on thet® u(t) = g(t) and on the
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measured process outpyf(t) =T(t), the observer estimates the humidity

profile)Z(z,t) in the sample. The estimated process state
is %, (t) = (X(zt) T()" .

Process Control Strategy

Model predictive control strategy

In a previous work (Dufour et al. 2003), we haveedduced a MPC strategy
to solve an output trajectory tracking problem lobase a PDE model (Dufour et
al. 2004). Here, the control problem is a genemingization problem over a
receding horizon where the cost function J to beimized reflects any control
problem and where any constraints on measured bugsiables or estimated
state variables may be explicity specified. Sintte problem is solved
numerically, a mathematical discrete time formuolatis given:

j :k+N?
r%an(G): N z 0 Iy gf ()X g ()Y p() X p(0).UG 1))
j=k+ Ni

us= [u(k): 4q(k)....u() = 9Q)-..u(k+ N. -1)=qk+ Ne —1)]
and[Jj Ok + NC,...,k+ N f u(j)=u(k+ NC -1)

7
subject taconstrairgon theranipulatdavarjirble @

umin(j)s u@j= umax(i)Dj Ok+1L,k+N £
Aumin(j)s u@)-u(-1)< Auma)g)Dj Ok+Lk+N f —]}
subject tonconstrairdon theoutputandstatevariables

where k (resp. j) is the actual (resp. future) e time index,y,« (resp.

X« ) describe the specified behaviour for the proceesasurey, (resp. for

the estimated process stiq)e). u is the optimization argumentN;" (resp.
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NT) are the initial (resp. final) horizon predictions ; = r‘r[lax] NP, and N, is
nJ0,m

the control horizon. From a practical point of vjetie problem is now to
reduce the computational time needed to solve trstrained optimization
problem during the sampling period. To reduce #solution time required by
the on-line nonlinear PDE model involved during tdmimization task, we use
a linearization method of the nonlinear model at®gimilar nonlinear model
chosen and computed off-line (Friedly 1972). Finalthe off-line solved
nonlinear model and the on-line solved time vapfinearized model replace
the initial nonlinear model (Dufour et al. 2003héeTcontrol objective is how to
find, on-line, the variation of the manipulated iahfe about the trajectory
chosen off-line leading to the best constrainedhupation result (Dufour et al.
2003). Concerning the constrained argumant it is replaced by an
unconstrained argumeni through a simple hyperbolic transformation (Dufour

et al. 2003) that uses the constraints bounds. Wwpd state variables
constraints are accounted for through an exteeogfty method. The optimizer
argument is finally an unconstrained argument amy anconstrained
optimization algorithm can be used to solve thisalfi on-line penalized
optimization problem (Dufour et al. 2003): widelypdwn and used for its
robustness and convergence properties, the Levgibarquardt’s algorithm is
used where the optimization argument is determiae@ach sample time k
using the process measurement, the process stitgaten and the model
prediction.

Simulation Results

The following input constraints are specified:

(8)

Umin = ow.m? < U(K) < Upax =12kW.m™
AUy = =500V.m2.5™ < u(K)-u(k ~1) < Upyay = 500/.m %57

whereas the following state constraint is accoufdedconstrained case) or not
accounted for (unconstrained case):

X({1=08* Jgy, k) =X({; = 09%* Iy, K) < X = 0.014kg kg 1 (9

It allows comparing results obtained when the pseitg time is minimized
with and without state constraints.

In the unconstrained case, the maximal infrared flo always applied (Figure
2) and it is just constrained by (8): the infrafledv initially increases with the
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maximum velocity and then saturates at the maxinmagnitude. In the
meantime, the difference of humidity reaches 0.Rg&kg (Figure 3) and the
operating time becomes 181s. In the constrained, cisulation results show
that a realistic infrared flow may also be appligdthe MPC (Figure 4). In the
meantime, the specified state constraint (9) isgbsatisfied (Figure 5) and, as
expected, it limits the optimization task since thgerating time has increased
in this case (291s).
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Figure 2: magnitude of the infrared flow (unconstrained)
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Figure 3: difference of humidity between {5 and {4 (unconstrained)
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Figure 4: magnitude of the infrared flow (constrained)
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Figure5: difference of humidity between {5 and {7 (constrained)

Conclusion

In this paper, an efficient approach for any caisted optimal control
of an infrared drying process has been shown. Augidnal model is used
leading to the knowledge of the drying dynamic ebteristics, i.e. the
temperature and mass content. To allow the ondpication of this method,
the nonlinear diffusional model is first solved -bffe. Adjustments in the
infrared flow to apply are then computed on-linéngsa linearized model
involved in the constrained optimization problenmeTMPC approach is based
on the availability of an observer to estimate tineneasured humidity profile.
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The next step are concerned with the experimerdhdlation of the observer
based MPC and with the definition of the constmititat really limit the
minimization of the processing time.
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