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Abstract

Intelligent dynamic simulator has been developed with linguistic equations (LE) for a Super-
Batch coking process. The LE models consist of two parts. interactions are handled with
linear equations, and nonlinearities are taken into account by scaling with membership defi-
nitions. Data-driven modelling was done by FuzzEqu toolbox on the basis of the measurements
of the cooking liquor analyser CLA 2000: the concentrations of alkali, total dissolved solids
and lignin are measured on-line during individual cooks in a batch digester house. Effective
delays depend on the working conditions. Universal approximators for fuzzy functions can be
constructed as extension principle extensions of continuous real-valued functions which con-
tinuously map fuzzy numbers into fuzzy numbers. LE models can be extended to fuzzy inputs
with this approach if the membership definitions are replaced by corresponding extension prin-
ciple extensions of these functions. The argument of the model function is obtained by fuzzy
arithmetics. Fuzzy extension of the classical interval analysis suits very well to these calcula-
tions. According to extensive on-line tests in an industrial pulp mill, dynamic LE models are
well suited for forecasting the cooking result: residual akali, lignin and dissolved solids. The
models are adapted to the changing operating conditions with configurable parameters. Uncer-
tainty of theresultsisclearly seen when the resulting residual alkali, final lignin and final solids
are presented as fuzzy numbers. The width of the fuzzy numbers depends on the length of the
calculation period. The fuzziness of the result is smaller for the ssmulations performed later
during the cooking sequence as the accuracy of the prediction is improved when the cooking
progresses.
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1 Introduction

Cooking is the major process in the pulp mill and its
proper control is very important to the pulp production.
Theaim of chemical pulping isto removeenoughlignin
from wood so that the fibers are free and give them the
required characters at the lowest possible cost. Vari-
aion in the quality parameters is minimised by pro-
viding the similar cooking history for all chip parti-
cles. Chip quality variations, measurement problems
and long process delays make the control difficult. The
main problem is that the quality variables cannot be
measured while the cooking goes on. Changing oper-
ating conditions introduce challenges also for mecha-
nistic modelling. Pulp cooking has used computerised
control since the early 1960s[1].

Cooking reactions start when chips reach the cook-
ing temperature, about 150 - 170 °C, depending on
the wood species and grade requirements. The active
chemicals of the cooking liquor react with lignin in
chipsand convert it chemically into the compoundsthat
dissolve in the cooking liquor. Fibers are separated
into the mass since the bonding materia of the chips
is dissolved. Cooking chemicals also react with fi-
brous material (cellulose and hemicellulose) and break
down their molecular bonds. These reactions are to be
avoided as much as possible because they lead to |osses
in the fiber yield and decrease the pulp strength.

There are two main types of process equipment for
cooking: batch and continuous digesters. This pa
per deals with the batch cooking process, more specif-
ically SuperBatch cooking, where the chips are pre-
impregnated and preheated with warm black liquor
(Fig. 1) to make batch cooking more energy efficient.

The cooking liquor is circulated from the middle to top
and bottom to ensure a uniform cooking. When the tar-
get H-factor has been reached, the circulationis stopped
and the cool displacement liquor is pumped into the bot-
tom part of the digester. The delignification process
stops when the temperature decreases under 100 °C.
The used cooking liquor is taken out from the top and
directed to the accumulators to be reused.

For continuous cooking, many cooking models are
based on physical-chemical phenomena. Most of them
consider that the delignification happens in three con-
secutive steps, labeled asinitial, bulk and residual delig-
nification, respectively [2]. Some models divide the
lignin into high- and low-reactivity lignin [3, 4] and
assume that the reactions take place simultaneously.
Aguiar and Filho compared phenomenological models,
neural models and hybrid models, which combine both
approaches[5]. Kappa number predictionsare good but
the networks are rather large.

Cooking liquor analyser CLA 2000is an advanced mea-
surement device developed for analysing the chemical
pulping processes (Fig. 1). It utilises a continuous sam-
pling technique that means also, in practice, a continu-
ous measurement if the analyser is applied for one sam-
ple point, only [6]. In batch cooking, the cooking liquor
analyser enablestheanalysisof alkali concentrationand
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concentrations of total dissolved solids and dissolved
lignin during individual batches.

The widely used quality variable, the Kappa number,
can be predicted on the basis of these measurementsbe-
fore the end of the cook. As the digester processis far
from linear and simple input-output system, the analy-
sis must be nonlinear. Different approaches have been
used for mathematical modelling of the cooking result
[7]: fuzzy logic, partia least squares method (PLS), ar-
tificial neural networks (ANN) and linguistic equations
(LE). In modelling the Kappa number in a continuous
digester, al these methods seem to learn the process be-
haviour in a similar manner, but the LE models are the
best in process environment since they can be adapted
to various operating conditions in an understandable
way. ANN and PLS models are sensitive for changes
in process conditions, and fuzzy models need a large
number of membership functions and rules that are too
time-consuming to adapt.

In batch cooking, dynamic modelling and simulation
is necessary. Dynamic LE models have been used in
tuning LE controllers since they have provided accu-
rate prediction and good performance in continuous
processes, e.g. alime kiln and a solar collector field
[8]. For batch cooking, the dynamic LE modelling was
started in 2000 [9]. According to the on-line tests, dy-
namic LE models are well suited for forecasting the
cooking result.

The approach is generic for batch processes: in [10]
modelling of a Super Batch cooking process was com-
pared to the modelling of afluidised bed granulator, and
later the approach has been applied in fed-batch fer-
mentation [11]. A set of practical and interactive intel-
ligent systems can be combined with other modelling
and simulation methodologies to build practical simu-
lators for industrial processes[12].

The FuzzEqu Toolbox includes routines for develop-
ing, tuning and testing linguistic equation systems[13].
The LE systems can be modified interactively to adapt
the models to changing operating conditions. Links
to Matlab toolboxes facilitate comparisons with vari-
ous modelling approaches, e.g. fuzzy set models, arti-
ficial neural networks, decision trees, regression mod-
els and system identification. It provides routines for
building LE systems from large fuzzy systems includ-
ing various ruleblocks implemented in FuzzyCon [14]
or Matlab FuzzyL ogic Toolbox. Other fuzzy modelling
approaches can be used as channels for combining dif-
ferent sources of information [8].

Modelling and simulation results of a SuperBatch pulp
cooking have been presented in [15]. The simula
tion study concentrated on the heating and cooking se-
guence was done in co-operation with ABB and UPM-
Kymmenein an industrial pulp mill.

This paper presents more details of the solution and ex-
tends the model s to uncertain environment.
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Fig. 1 SuperBatch sequences and cooking liquor analyser CLA 2000.

2 Measurements

Alkali concentration and concentrations of tota dis-
solved solids and dissolved lignin give information
showing how cooking reactions go on during individ-
ual batches. With batch digester operation it is pos-
sible to terminate the cooking process just when the
required cooking degree has been achieved. Measure-
mentsare carried out in the actual process concentration
and no dilution is needed. Measurements are indirect:
alkali components are based on conductivity, solid con-
tents on refractive index and dissolved lignin on UV-
absorbency [16].

The models presented in [15] have been tested with an
on-line simulator in an industrial digester house. A
large set of experimental data from various dissimilar
operating conditions was collected during this study.

3 Modelling with linguistic equations

Linguistic equations introduced in [17] have been used
in various applications[8, 18]. Data-driven steady state
modelling has been used in development of LE model
to represent interactions between three measurements
of the cooking liquor analyzer. Dynamic structures ex-
tend the models to dynamic simulation of these mea-
surements during the cooking period.

3.1 Steady state modelling

Linguistic equation models consist of two parts: inter-
actions are handled with linear equations, and nonlin-
earities are taken into account by membership defini-
tions [8]. The basic element is a compact equation

ZAinj + B; =0, (1)

Jj=1

where X; is a linguistic level for the variable j, j =
1...m. Linguistic values very low, low, normal, high,
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Fig. 2 A steady state LE model for two inputs and one
output.

and very high correspond to integer numbers-2, -1, 0, 1
and 2. Thedirection of the interaction is represented by
interaction coefficients A;;. The bias term B; was in-
troduced for fault diagnosis systems. A LE model with
several equations is represented as a matrix equation.
Linguistic equations can be used to any direction.

A membership definition is a nonlinear mapping of the
variable values inside its range to a certain linguistic
range, usually [—2, 2]. Themappingis represented with
two monotonous, increasing functions,

[ =a; X7 +b; X;+¢;, Xje€[-2,0),

f;r = a,;erz + b;er + ¢j, Xj S [072]7 @

which must overlap in the center at the linguistic value
0. In the present system, these functions are second
order polynomials. Coefficients are extracted from data
or defined on the basis of expert knowledge. [18]

In the LE models, the nonlinear scaling is performed
twice: first scaling from real valuesto the interval [-2,
2] beforeapplying linguistic equations, and then scaling
from the interval [-2, 2] to rea values after applying
linguistic equations (Fig. 2). Thelinguistic level of the
input variable j is calculated the inverse functions of
the polynomials (Eg. (2)).
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Themodel is represented by
tow = ot (_ St Aig 7 @) )

Ai out
. Q)
wherethe functions f; and f,.; are membership defini-
tions.

Real-valued approach is now the main method in appli-
cations because of efficient tuning techniques. A neu-
ral network based tuning can be done for selected vari-
ables. A genetic tuning method can handle several vari-
ables at a time by varying parameters of membership
definitions.

For case based model development, the training data
consist of several data sets. Fuzzy C-Means Cluster-
ing isused for finding these overlapping operating areas
[13]. Alternatively the operating areas can be obtained
by subtractive clustering, self-organizing maps (SOM)
or radial basis functions. The interaction matrix is nor-
mally the same for all working areas, which is quite
reasonable since the directions of interactions do not
change considerably between different working points.
The differences between the models are handled with
membership definitions.

The modelling technique can be extended to several
equations as well, e.g. by using Takagi-Sugeno (TS)
type fuzzy models [19] together with ANFIS method
[20] for development of local linear models for differ-
ent operating areas. As LE models are nonlinear, also
these local models are nonlinear [9]. In these models,
fuzzy approach is used for combining gradually chang-
ing interaction coefficients.

Steady-state models represent interactions between al-
kali, lignin and dissolved solids. A single equation
model shown in 3 was very accurate but test campaign
specific [9]. The retuning was necessary because of
drastic changes in the operating conditions, especially
in properties of the cooking liqueur. Two equation mod-
els based modified TS-modelshad similar asimilar per-
formance. Later only one model area has been used
since the operating conditions have been stabilized.

3.2 Dynamic modelling

The basic form of the linguistic equation (LE) model
is a static mapping in the same way as fuzzy set sys-
tems and neural networks, and therefore dynamic mod-
els will include several inputs and outputs originating
from a single variable. External dynamic models pro-
vide the dynamic behaviour. The models are developed
for a defined sampling interval in the same way asin
various identification approaches[21].

Rather simple input-output LE models, where the old
value of the simulated variable and the current value of
the control variable as inputs and the new value of the
simulated variable as an output, can be used since non-
linearities are taken into account by membership defi-
nitions. Nonlinear scaling reduces the number of input
and output signals needed for modelling of nonlinear
systems.
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Need for higher order models can be tested by apply-
ing classical identification with different polynomial
degrees to the data after scaling with membership defi-
nitions. For the default LE model, all the degrees of the
polynomialsin parametric modelsbecomevery low, i.e.
all the parametric models become the same

y(t) + ary(t — 1) = bru(t — ng) + e(t). 4)

This model is a special case of Eq. (1) with three vari-
ables, y(t), y(t—1) and u(t—ny), theinteraction matrix
A =11 ay —b;] andthebiasterm B = 0.

For small systems, delays can be taken into account by
moving the values of input variables correspondingly,
e.g. n, sampling intervalsin Eq. (4). Initial estimates
of the delays can be developed by correlation analysis,
but similarities detected by the correlation analysis can
be accidental in some cases. The delays should be as-
sessed against process knowledge, especiadly if normal
on-line process data is used [8]. An appropriate han-
dling of delays extends the operating area of the model
considerably.

Local time delays can be analysed with different para-
metric models used in system identification: the num-
ber of delay ny in EQ. (4) isthe effective time delay.

Effective delays depend on the working conditions
(process case), e.g. the delays are closely related to
the production rate in many industrial processes. In the
block shown in Fig. 5, the delay of the variable Varl
depends on the variable Var2: the linguistic level of the
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variable Var2 is multiplied by 1 or -1 to get the linguis-
tic level of the delay for the variable Var1, coefficient 1
means that the delay increases when the variable Var2
increases. Thereal value of the delay is obtained by the
delinguistification block.

These models are used for calculating the change Ay
for a sampling interval (Fig. 4): the linguistification
and delinguistification blocks are the same asin Fig. 2.
The membership definition of the variable y does not
depend on time. The membership definitions have cap-
tured the real meaning of the variablesif higher degrees
do not improve the model considerably. An aternative
approachisto make membership definitions also for the
change Ay and obtain the derivative directly from the
corresponding LE model.

The output, the derivative of thevariable y, isintegrated
with numerical integration methods:

T
y=/ F(t,y,u)dt + yo (5)
0

where T' is the time period for integration, and y the
initial condition. Usually, several values from the inte-
gration step or the previous steps are used in evaluating
the new value. Step size control adapts the simulation
to changing operating conditions.

In batch cooking, the dynamic models of alkali, lignin
and dissolved solids are interacting. The overall model
isaset of three equations, in the present these equations
areused for calculation of changesfor alkali, lignin and
dissolved solids. For example the alkali concentration
is decreasing during the cooking, and the change in ab-
solute figureis decreasing with increasing H-factor and
decreasing alkali level as shown in Fig. 6. For batch
cooking, each equation is represented by a model block

(Fig. 7).

In batch cooking, specific submodels were needed be-
cause of variationsin the quality of chipsand the prop-
erties of the incoming cooking liquor [15]. As the dif-
ferences in operating conditions affect to the speed of
change, the models were adapted with a speed factor
that depends on the H-factor and alkali level. The clus-
tering approach could be used if the properties of the
chipsand incoming cooking liquor are measured. Since
these measurementsare not avail able, the subareas must
beidentified by comparing the performance of the nor-
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mal model. Later only one model area has been used
since the operating conditions have been stabilized.

3.3 Fuzzy simulation

Universal approximators for fuzzy functions can be
constructed as extension principle extensions of con-
tinuous real-valued functions which continuously map
fuzzy numbersinto fuzzy numbers[22, 23]. LE models
can extended to fuzzy inputs with this approach if the
membership definitions, i.e. functions f;~ and f;" and
the corresponding inverse functions, are replaced by
corresponding extension principle extensions of these
functions.

The argument of the function f,.; in EQ. (3) is obtained
by Fuzzy arithmetics. Only addition and subtraction are
needed if the interaction coefficients are crisp. Fuzzy
LE models with fuzzy inputs can be constructed by us-
ing multiplicationand division aswell. Fuzzy extension
of the classical interval analysis [24] suits very well to
these calculations.

4 Dynamic simulation

The steady-state model developed for interactions be-
tween akali, lignin and dissolved solids was first in-
cluded to a dynamic model, i.e. lignin and dissolved
solid were used in the calculation of new akali level
[9]. The dynamic model shown in Fig. 7 includes two
additional models: one for calculating the change of
lignin, and one for calculating the change of dissolved
solids. Thestructure of all these submodelswas similar,
and they were devel oped from the measurement data on
several overlapping operating areas. The dynamic ef-
fects were handled with integration of changes.

Multimodel aspects were taken into account by adapt-
ing the model to different operating conditions with a
speed factor that depends on the H-factor and alkali
level. The level of the speed factor is modified to get
the simulated results close to the measured values (Fig.
8). Each submodel had its own model for the speed
factor.
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The simulation program was used to test the modelling
performance. All the submodelswere built with special
blocks implemented in Matlab-Smulink. Simulation
results were shown in the same display together with
the real data values (Fig. 8). In this way, the rea er-
ror between simulated and batch data was clearly seen.
In the simulation, the integration methods were prin-
cipally Runge-Kutta and Odel5s(stiff/NDF) with vari-
able step size.

According to the first tests, the original model structure
operated in areasonable way [10]. Each test campaign
required anew tuning for the membership definitions as
each operating areawas always very different from pre-
vious ones. However, the parameters generated on the
basis of one day on each campaign operated fairly well
for al the days of that specific campaign. The results
of the test campaigns have been clustered into data sets
corresponding to different operating conditions.

The analysis of the on-line operation changed the
submodels completely, athough the high level model
shown in Fig. 7 remained unchanged [15]. The LE
model shown in Fig. 3 was not a feasible model in this
case as there were all the time considerabl e differences
in the starting levels of both the lignin and the dissolved
solids. First lignin and dissolved solids were excluded
in the calculation of the new alkali level, and the simu-
lation was based direct calculation of the alkali change.
Later all the simulations have been based on calculating
the changes directly.

In most cases predictionsare fairly accurate already 20-
25 minutes from the beginning of the cooking phase. As
fluctuations related to the quality of chips or cooking
liqueur can be seen within first 30 minutes, there are
possihilities to make alkali additionsif required.

In the present simulator, uncertainty is taken into ac-
count by repeating the calculations in a fuzzy frame-
work based on the extension principle. Uncertainty of
theresultsis clearly seen when theresulting residual al-
kali, final lignin and final solids are presented as fuzzy
numbers. Thewidth of these fuzzy numbersdependson
thelength of the calculation period, i.e. the fuzziness of
the result is smaller for the simulations performed later
during the cooking sequence. Thisis reasonable since
also the accuracy of the prediction is improved when
the cooking progresses as can be seenin Fig. 8.

5 On-line simulator

The dynamic simulator of the batch cooking has been
in on-line testing at an industrial digester house. The
simulator was first tested with previous measurements.
To obtain severa estimates, the simulation is done to
the end of cooking sequence several times during cook-
ing process [15]. A result window similar to Fig. 8 is
updated after each simulation run.

The measurements are not continuously updated all the
time as the analyser needs a washing sequence. There-
fore, the data set must be checked before starting the
simulation. To emulate these features in the off-line
tests, the feeding of the data was done with another

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

Matlab program running simultaneously. The off-line
tests are very fast: one cooking sequence takes some
minutes and most of the time goes for showing the in-
termediate results similar to the on-line operation.

According to the test results, the speed of the change
depends strongly on the operating conditions. For the
first test periods, differencesweretoo high for areliable
prediction, but later the speed factor did not need any
changes for most of the cases, i.e. changes of the speed
factor level mean considerabledifferencesin the quality
of chips.

The on-line simulator calculates every time the values
of alkali, lignin and dissolved solids to the end of the
cooking sequence on the basis of the CLA 2000 mea-
surements and various process measurements collected
by the Damatic automation system. The smulation is
started on appropriate time intervals. Fig. 8 shows an
exampl e of the simulation resultsin the end of the cook-
ing sequence: simulations and in the first column, pre-
dictions of the end result in the second, and actual mea
surementsin thethird. Predictionsare shown after each
simulation.

Good results at the early stage of the cooking se-
quence are promising for extending the use of the CLA
2000 analyser and the on-line simulator to several di-
gesters. Three periods with several measurement se-
guences would be needed for each digester to be able
to get first predictions, quality tests and final levelsin
the end of the cooking phase. More frequent simulation
runs do not cause problems since the simul ator operates
fast. Four digesters could be handled with one cooking
liqueur analyzer.

The on-line simulator of the cooking processis planned
to be used in the control of alkali additions during the
cooking sequence on the basis of the estimates of the
residual alkali. The other predictions are planned to be
used forecasting the quality of the pulp, e.g. the well-
known Kappa number or a related property. In the fu-
ture the aim is a so to tune the controllers of the whole
cooking process.

The fuzzy LE simulator is now in the simulation test
stage. As the computer resources required for the ex-
tended version are only slightly higher than the deter-
ministic version, the new version should be feasible for
on-line use. However, additiona tests with the exten-
sive set of measurementswill be continued before start-
ing the on-line use.

6 Conclusions

Linguistic equations have been applied in the dynamic
simulation of the batch cooking process. The dynamic
LE model handles interactions between the values of
akali, lignin and dissolved solids and can be adapted
to different operating conditions with configurable pa-
rameters. The graphical tools of FuzzEqu and Smulink
have been essential in testing the quality of the dynamic
LE models. Predicted alkali concentrations are directly
useful, and predictions of lignin and dissolved solids
can be used in assessing the pulp quality. Results are
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promising for control applicationsin the digester house.
Extensionto fuzzy LE models provides useful informa-
tion about uncertainties of the forecasted cooking re-
sults. The complexity of the models is increased only
slightly with the new system based on the extension
principle and fuzzy interval analysis.
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