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Summary

This work contains the design and testing of a grey-
box model based on first principles for the drying sec-
tion of a Medium Density Fiberboard (MDF) manu-
facturing plant for use in a Model-Predictive Control-
ler (MPC).The fitting of the model to experimental
data has been solved with the data reconciliation tech-
nique, and the model has then been implemented and
tested in simulation for proper behavior. Due to lack
of information in a number of relevant process values,
as well as low trustworthiness of some measurements,
state and disturbance estimators have been deter-
mined as necessary to include in the final MPC control
schema.
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1 INTRODUCTION

Medium density fiberboard (MDF) is a wood-based
panel manufactured from lignocellulosic fibres by the
“drying process”, i.e. having low fibre moisture con-
tent at the forming stage and being essentially pro-
duced under heat and pressure with the addition of an
adhesive [1].

The raw material is chipped and softened by pre-heat-
ing in a low-pressure steam boiler, after which it is fed
to grinding disks and mixed with adhesive and wax.
The mixed product is dried to guarantee low humidity,
after which processes of compression, cutting, and
heat application are applied to achieve the desired
panel properties.

MDF is cheaper than raw wood, more stable, provides
a smooth surface for painting, has good machinability
and high strength, and is available in larger sizes. Be-
cause of this, it is a very popular product that continues
to rise in demand, mainly for furniture applications.

Because of the hard requisite of humidity levels, accu-
rate control of the process becomes a necessity. Linear
SISO control schemes such as PID loops with decou-
pling have been usually employed for such a task.
However, these controllers do not achieve an accepta-
ble performance during (inevitable) transients due to
the nonlinearity and delay of the process. Hence, a
nonlinear Model-Predictive Controller (MPC) is con-
sidered as more suitable for implementation in one

such industry, with this paper concerning the first part
of the design: the development of the model.

The proposed model is a grey-box one based in well-
known physical relationships between variables, such
as mass and energy balances, as well as experimental
relationships based on data available, and unknown
parameters and variables that will be estimated.

Data reconciliation is used for fitting the model to
available experimental data of the plant. Implementa-
tion of this task uses the software CasADi [2] in the
MATLAB® environment, a modern framework for
numerical optimization including automatic differen-
tiation. For analysis of the coherence of the model and
final results, the simulation tool EcosimPro® [3] is
used.

The paper organizes as follows. Next, a general de-
scription of the plant to be modeled. The first princi-
ples model is summarized in 3. Then, the customiza-
tion with experimental data using data reconciliation
is formally stated in 4, along with simplifications and
experimental equations included in the model. The
consistency of the final model and fitness to the data
are studied in 5. Finally, a summary of the work to-
gether with indications for the next steps in building
the controller are given in the last section.

2 PLANT DESCRIPTION

In an industrial MDF wood chips are pretreated as de-
scribed in the previous section. Due to the low quan-
tity of the additives added to the fiber, that will not
significantly impact mass or energy balances, as well
as to the inability to obtain useful fiber parameters
(width, length, etc.) from the available measurements,
this pretreatment has not been explicitly considered in
the model. The final mixture of steam, wood chips and
additives flows through a steel tube dryer, which is
thermally isolated from the environment with a pro-
tecting cover of mineral wool.

The air used for drying is procured through an attached
fan, and it is a mixture of hot air coming from a heat
recovery system, and cold air coming from the envi-
ronment, both flows meeting in a mixture chamber.
The flow of hot and cold air is regulated by the open-
ing of two flaps located on the air paths from the heat
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recovery and the environment respectively. Both tem-
perature and pressure are known for the hot air inlet
and the environment, as well as environmental relative
humidity. Air temperatures at inlet and outlet of the
tube dryer are also measured.

Once the mixture of air, fibers and additives leaves the
tube, it enters a cyclone stage for separation, after
which the humidity of the remaining fiber is measured.

Fiber inlet

Qutlet to cyclons

Mixture
chamber

Energy

recovery Hot air

Figure 1: Schematic of the plant.

The final humidity of the wood fiber leaving the dryer
is the key indicator of this section of the process, as it
greatly impacts the performance of the MDF pro-
duced. Therefore the controllers implemented for the
plant have to be evaluated by their ability to keep this
variable within optimal range during stationary opera-
tion and for their reliability to return to these values
after large perturbations to the process and product
changeovers.

The usual control setup consists of SISO PID control
loops controlling important variables such as humidity
or temperature by regulating the control variables: per-
centage of opening of cold and hot air flaps.

This control schema presents several issues, as the
process is nonlinear and the involved variables are
strongly coupled. Hence, linear SISO controllers are
not able to precisely return to their references when a
small disturbance arises (operators might be even
forced to manually control the process), which, in turn,
reduces the quality of the final product.

These circumstances favor the use of a more complex
controller capable of predicting these interactions and
reacting to changes in the operation with acceptable
performance. For this reason a grey model based on
first principles is to be developed, with the implemen-
tation of a MPC as a final aim.

3 FIRST-PRINCIPLES MODEL

Detailed models of MDF dryers can be found in liter-
ature [4], [5]. However, these models involve solving
partial differential equations (PDE), which are compu-
tationally expensive for online control and optimiza-
tion purposes. Moreover, the usual residence time of
the fibers inside the dryer tube is usually less than the
sampling time of data acquisition industrial systems.

Therefore, under the above assumptions, we propose
a reduced model for control purposes which avoids the

inclusion of partial-differential equations, reducing
thus the computational cost significantly in further
simulation and optimization stages.

The model is started by formulating the energy and
mass balances in the air mixture chamber:

Fi =Famb+Fhot (1)
Fin - H(Tint Win) = Fomp - H(Tambr Wamb) 2)
+ Fhat : H(Thotr Whot)

Where F represents humid air flows in kg/s, H is the
specific enthalpy function in J/kg, dependent on the
temperature T in °C and the specific humidity W
(mass of water relative to total air mass) with the for-
mula [6]:

H(T,W) = 1.006 - T 3)
+ W (2490 + 1.86 - T)

This is followed along with the mass and energy bal-
ances of the tube dryer:

Fin+E=Fout (4)
qr*Xo=E+qr*X (%)
Fin ’ H(Tint Win) +E- Hw
= Four 'H(Tout: Wout)
+ G * Trin
_Tfout)+QT

(6)

Where E is the mass flow of water evaporated in kg/s,
gy is the fiber mass flow in kg/s, X, is the inlet humid-
ity of the fiber, X is the outlet humidity of the fiber,
H,, is the enthalpy of water at inlet conditions, Cy, f is
the calorific power of the wood fiber, and Q; is the
heat loss to the ambient, calculated with the equation:

Qr =ATy -A-u (7N

Where u is the heat transport coefficient, A is the area,
and ATy is the average temperature difference be-
tween the air and the tube.

It has been shown [4] that the temperature profile in a
tube dryer is such that the temperature quickly de-
scends at the entrance. From this follows that the out-
let temperature will be dominant to characterize the
heat loss to the environment, and so it has been con-
sidered exclusively for the lumped temperature differ-
ence:

8
ATy =Toye — Tt ®)

Where T; is the mean temperature of the tube whose
evolution is calculated with the differential equation:

(mCpr + mCpy) T,
= ATM . A u
9
(T = TAk ©

e +e;

605



XXXVIII Jornadas de Automatica

Where T is the temperature of the mineral wood iso-
lation, dependent on the heat loss through the tube
wall to the environment:

(Tt —TDAk _

ew + € (Tl - Tamb)Aeue (10)

Where e, and e, are the width of the mineral wool and
the dryer tube, respectively.

Finally, the evolution of the humidity of the fiber leav-
ing the cyclones X, is obtained after a mixture in these
cyclones:

T- X =X(t—ty) —X; (11)

Where 7 is the time constant of the cyclones and tis
the delay from the fiber entering the dryer until leaving
the cyclones.

4 MODEL CUSTOMIZATION

The first-principles model designed would be for valid
for any MDF installation with similar structure. After
this initial framework, it becomes necessary to further
complete the model for the specific TAFIBRA plant,
with knowledge available from recorded measure-
ments.

From all variables considered in the above model,
measurements are only available for the following:

e  Properties of ambient air: Ty, Wamp, Pamp
e  Properties of hot air: Ty, Prot

e  Temperature of air at inlet and outlet of the
dryer Tin s Tout

e Flow and humidity of fiber leaving the cy-
clones: q¢, X¢

The following assumptions are made:

1. The relative humidity of the hot air is assumed to
be the same as the ambient with no delay. Which
along the mass balance of water in the mixture
chamber shows:

Whot = Win = Wamp

2. Air and fiber at the outlet are assumed to be in
thermal equilibrium

Tf out = Tout

3. Inlet temperature Tf;;, of fiber is assumed to be
around 100°C, as it is boiled before entering the
dryer.

4. Inlet humidity of wood fiber X, is assumed to be
constant. Inlet humidity will evolve slowly with

time as the fiber is mixed before entering the
dryer.

At this point, the model still has more degrees of free-
dom than boundary variables, i.e. the manipulated and
ambient variables are insufficient to fully determine
the system. Thus, in order to fully determine the sys-
tem, an analysis of the available data has to be con-
ducted with the following goals:

1. Find an experimental relationship between
the flow of air and the controlled variables:
open percentage of the flaps.

2. Find an experimental formula to adjust the
kinetics of water evaporation.

3. Achieve an acceptable fitness of the model to
the experimental data.

In order to test the validity of proposed equations (1)-
(11), as well as to adjust unknown parameters of the
model, a data reconciliation problem has been per-
formed with experimental data.

41 DATA RECONCILIATION

Data reconciliation (DR) is a technique used to obtain
values for all process variables according to a model.
It relies on the concept of redundancy (duplicated sen-
sors or algebraic constraints) to correct the (possible
noisy or faulty) measurements in order to satisfy the
process constraints (physical laws) [7]. This step
avoids the inclusion of corrupted data (outliers) in fur-
ther steps, serves as a detector of systematic errors in
sensors/process and, possibly, as a parameter estima-
tor.

The fair function estimator [8] is used here as a robust
objective function J against measurement outliers and
gross errors. Thus, the DR reads:

o - , (lel le:]
%nl(9'9)=;C'<T_l°g(1+7>> (12)

0<6<86; h(f)=0

Where the i-th error € is calculated as ¢€; =
(@i - Gi)/ 0;, 0 are the available process measure-
ments, § are their estimated values limited between
user-defined minimum and maximum values, r is the
number of measurements available, ¢ € R™ is an user-
defined fitting parameter to tune the slope for large
residues, and h(@) are the physical restrictions, i.e.,
equations (1)-(11). Note that, in DR, all model varia-
bles are considered as decision variables for the opti-
mizer, with no distinction between input and output.

The optimization problem has been designed and re-
solved in MATLAB with CasADi [2]. The model is
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discretized in time via orthogonal collocation to avoid
the use of slow numerical integrators to compute the
evolution of state variables. Moreover, the cost func-
tion J (9, 9) is modified to include a penalty for high
changes in the algebraic variables between collocation
points and a further penalty for changes in the initial
and final tube temperature for data sets recorded in sta-
tionary operation'.

4.2 EXPERIMENTAL EQUATIONS

By testing different equations within the data reconcil-
iation problem, the flaps were found to be accurately
represented with a relationship between flow and pres-
sure of the form:

F=K, (04-a+06-a®)« /Pf -pz (13)

Where P, is the pressure at the inlet of the flap, and P,
the pressure at the outlet. P; = Py, + Py 1S consid-
ered for the flow of hot air Fj,;, whereas P; = P,
for the flow of ambient air F,,,,;. As both flaps provide
the air flows to the mixture chamber, P, is equal to the

pressure of the mixture chamber P, (unmeasured) for
both. .
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Figure 2: Fraction of flow through flaps as a function
of opening signal (blue — linear, red — fitted).

As the outlet of the dryer is at atmospheric pressure,
which is measured, the pressure of the mixture can be
determined by knowing the pressure increase provided
by the fan at the dryer inlet, and the pressure drop due
to the friction of the flow through the dryer:

B+ APfan + APjoss = Pamp (14)

The curve determining pressure increase provided by
the fan depending on the flow is available from the
supplier, and can be accurately fitted with the follow-
ing quadratic equation (for units of the SI):

2

AP;,, = —0.198 (F“) 18.9 Fu
Jan . Pair - Pair (15)
+6.98 - 103

! Note that the tube temperature is not measured.

The pressure loss due to friction in the dryer is esti-
mated by the formula:
2
4-F
7'1) (16)

—AP, ..=fr-L-D,-
toss f ‘ <T['Dt2'pair

Where fr is an experimental friction factor.

The development of mathematical models describing
moisture movement in wood is a complex mathemati-
cal task [9]. In the case of fiber drying, because of the
previous chipping of the raw material, complexity is
greatly reduced. This benefits the endeavor, as com-
plex mathematical models would make on-line com-
putation unfeasible.

It has been shown experimentally [4] that the speed of
water evaporation in a MDF dryer is related to the dif-
ference between the dry bulb and wet bulb air temper-
atures. This relationship varies through the drying pro-
cess and is affected by unavailable parameters such as
fiber diameter, length and initial humidity.

According to the aim of using the model in an online
controller, numerical integration of the spatial profiles
of variables in the dryer (solving partial differential
equations) is discarded for having higher computa-
tional cost. Therefore, a simplified experimental equa-
tion is looked for fitting the data as much as possible.

A linear relationship between the difference between
the dry bulb and wet bulb temperature of the air at the
outlet has been found to predict the outlet humidity ac-
curately within the ranges of operation:

X=v1—Y2" (Tour — Twp) (17)

Where y; and y, are experimental parameters found
by fitting the available data, and T,,;, is the wet bulb
temperature calculated from the outlet temperature
and relative humidity [10].

Figure 3: y; vs y, fitted for a range of experimental
data.

The analysis of the relationship between y; and y,

shows a linear dependency, as seen in Figure 3, but no
measured process variable is found to influence their
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value, linking them to unmeasured variables such as
fiber geometry.

Further analysis of the DR results shows the pressure
of the hot air inlet as the less trusted measurement for
the fitting of the model, as seen in Figure 4and Figure
5, where it can be compared to other input and output
variables. As previously said, the data reconciliation
makes no distinction between input and output varia-
bles, instead using all of them as decision factors to fit
the model to the results.
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Figure 4: inputs vs fit — up: Ambient Flap, down: Inlet
Pressure (red — measurement, blue — reconciled).
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Figure 5: outputs vs fit — up: Inlet Temperature, down:
Outlet Fiber Humidity (red — measurement, blue — rec-
onciled).

5 MODEL VALIDATION

Once the model has been closed, i.e. it has as many
degrees of freedom as physical boundary variables,
the complete model is coded in ECOSIMPRO® [3], a
simulation tool for 0D and 1D continuous-discrete
systems.

The use of a simulation tool allows for testing of the
coherence of the reactions of the model to changes, as
well as to analyze the fitness of the model for wide
ranges of historic data not included in the DR in the
previous section.

5.1 COHERENCE TEST

The first purpose for this simulation is to test the
model coherence in different usual situations. Espe-
cially for the opening of the flaps, as these are to be
the controlled variables by the MPC: if the model pre-
dictions to these manipulations are incoherent, the be-
havior of the controller would be severely compro-
mised.

As shown in Figure 6 and Figure 7 the test for the
opening of the flaps shows physically consistent be-
havior: When increasing the signal to the flap control-
ling hot air, the volumetric flow of total air increases,
as well as the inlet and outlet temperature, whereas
outlet fiber humidity decreases. Reverse results for
temperatures and outlet fiber humidity are shown
when opening of the flap regulating the flow of the
ambient air, but the flow of total air is increased as
well.

B e T T e

Figure 6: Reaction for increase in open signal of am-
bient flap. Charts show, from left to right and top to
bottom: @ump, Qins Tins Achs Tout, X

[

[ B

Figure 7: Reactions for increase in open signal of hot
air flap. Charts as in Figure 6.
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Consistent results are also obtained by testing the
other inlet variables such as hot air pressure, atmos-
pheric pressure, inlet humidity or fiber flow. Different
values in parameters such as the friction factor and y;
and y, are also tested, as the MPC will be imple-
mented with moving horizon estimation to adapt the
values of these parameters to fit recent measurements.

5.2 MODEL PREDICTION

After testing consistency, the model with estimated
parameters is contrasted with experimental data. The
model is shown to consistently produce higher noise
in the prediction of inlet air, as shown in Figure 8. This
effect is produced because of the high variation and
delay of the hot air pressure sensor, which was initially
filtered by DR in the model customization phase.

] E@.
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Figure 8: inlet temperature Tj,%vs time (s). (red -
measurement, blue - model).

Both outlet temperature and outlet humidity (linearly
related by (17)) show noise inherited from the inlet
temperature, as well as due to the influence of the hot
air pressure on air flow.
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Figure 9: outlet temperature Ty,.% vs time (s). (red -
measurement, blue - model).

Significant differences between predictions and meas-
urements are also present in data ranges, which can be
attributed to changes in inlet humidity, or in the fitted
parameters.

2 Values have been escalated due to confidentiality
reasons

r T T T T
1,000 1500 2,000 2500 3,000
TIME

Figure 10: outlet fiber humidity sz vs time (s). (red -
measurement, blue - model).

6 CONCLUSIONS

In this work, a modelling challenge for a medium den-
sity fiberboard dryer has been addressed to an accepta-
ble level, for further use in a Model-Predictive Con-
troller.

Due to the limited availability of process measure-
ments, as well as the complexity of drying dynamics,
a grey-box approach has been chosen. Parameters and
unknown relationships between variables have been
experimentally identified through data reconciliation,
but this has been shown to not provide sufficiently ac-
curate predictions. Therefore, moving horizon param-
eter estimation (MHE) will be required online to con-
tinuously adjust the model to actual operation. This is
expected to increase significantly the consistency of
the predictions. Moreover, it has also been shown that
one of the sensors (that of the hot air pressure) pro-
vides untrustworthy information.

Future work planned for the project consists of the im-
plementation of the online MHE and MPC. This con-
troller will be first tested with the currently imple-
mented model, analyzing its robustness against
changes in the model representing possible regions of
operation that are not well fitted.
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