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MOISTURE CONTENT CONTROL ON A PAPER MACHINE - AN APPLICATION
OF A SELF~TUNING REGULATOR'

Borisson, U.

Wittenmark, B.

ABSTRACT

Results from experiments with self-tuning control of moisture
content on a paper machine are reported. The experiments were
carried out at the Gruvdén Mill in Grums, belonging to Bille=-
rud AB. Different regulator structures are discussed. The
experiments on the paper machine were done under different
operéting conditions, including great process disturbances.
Process variables and regulator parameters have been plotted

to a large extent, and they are shown in this report.

The experiences of the self-tuning control were good. The
experiments showed that the self-tuning regulator is a use-

ful tool in process control.

TThis work has been supported by the Swedish Board for
Technical Development (Contract 72 - 1026/U833)
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The feasibility of self-tuning regulators has been investi-
gated in a joint project between Billerud AB and the Division
¢f Automatic Control, Lund Institute of Technology. The re-
sults of the investigation are summarized in [1] and [4}.
From the experiments it was concluded that the self-tuning
regulators in many cases might be convenient to use on many
industrial processes. The main advantages are that the al-
gorithm can tune many parameters in the regulator without

any difficulties and that the adaptation to new process con-
ditions is fast. TFurther, the regulator is simple to imple-

ment and tc use.

In this report it is discussed how the self=-tuning regulator
can be applied to an industrial process. The process under
consideration is moisture control of a paper machine producing
fluting at the Gruvdn Mill in Grums, Sweden. The report is orga-
nized as follows. In section 2 the paper machine and the con-
trol problems are described in detail. The algorithms that
are used are discussed in section 3 and listings of program
heads are given in the Appendix. In section 4 it is discussed
how the algorithm can be implemented on the IBM 1800 computer
at the Gruvdn Mill. A program package called PPCP (Process
and Production Control Program) is available in the computer.
The special features of this system are discussed, as well as
general considerations, when self-tuning algorithms are inclu-
ded in DDC-packages. Someé practical aspects on the regulator
design are given in section 5. The experiments are described
in section 6. Shorter, as well as longer experiments, are

presented,and the performance of the process is evaluated.

The experiments have been possible to make thanks té financial
support from STU (the Swedish Board for Technical Development,
Contract 72 - 1026/U833) and the compliance of Billerud AR.
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2. DESCRIPTION OF THE PROCESS

The experiments were made on a machine producing fluting at

the Gruvdn Mill. The production is approximately 130 000 ton
. . . - ] g iy I 2

per year. The basis weight of the fluting is 112 - 150 g/m”.

The paper machine, as well as the refiners and digesters,

ef
are controlled from an IBM 1800 computer.

2.1 The refiners

The refiners split groups of fibres by pressing and rotating
them. In this way the free fibre surface is increased, and
the surface tensions get stronger.

The refiners have great influence on the moisture control.
Disturbances in the refiners generally influence the couch
vacuum., Variations in the quality of the pulp or in the
fibre flow may also affect the couch vacuum. If there is no
compensation in the drying sections for these changes, the

moisture of the paper will show similar variations.

On PM6 there are special control loops to keep the specific
energy of the refiners constant. The energy is computed by
dividing the refiner power by the flow of pulp. By the refi-
ner control it is possible to eliminate some of the distur-

bances originating from the variations in the quality of the
pulp.

It might be possible to improve the refiner control by inclu-

ding a feedback loop from the couch vacuum. As the time delay
between the refiners and the couch vacuum pit is comparatively
long, such a feedback loop should primarily be used to remove

variations in a long time range.



The meisture content of the paper is primarily controlled
with 2 feedback loop from a fixed capacitive moisture gauge

to the steam pressure in the drying cylinders in the twe last
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ections, fig. 2.1. There is also a feedforward loop
from the couch vacuum. It is desirable to have a certain dry -
e, l.e. to have a certain relationship between the
pressures in the different drying sections. Therefore, a
special program which is able to adjust the drying profile

is included in the system.
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The reference value of the steam pressure F406 can thus be
ailtered in three different ways. The moisture signal is sam-
pled and filtered every 8:th second. A sampling interval of

16 seconds is used for the control of the feedback loop. The

of
signal 7223 is compared with the reference value of the moisture

content. If there is a difference, the set point of the con-
troller C3 is changed. The controller €1 is basically a PI-
regulator with dead time compensation. The controller €2 is
of proportional type. It is used for feedforward compensation
from the couch vacuum. Every 8:th second the couch vacuum 1is
sampled and filtered, and the signal from C2 alters the set
point of €3 with the same time interval. C3 is a PI-regulator
controlling the steam pressure F406 in the last drying sec-
tion. A new control signal is computed every 8:th second.

The pressure Fu06 is allowed to vary in the interval: is

0-1 kﬁ/cmz below the pressure FL08. Tf the regulator requires
a lower pressure, the reference value of FY08 is changed. This
change is made by a program that is called when the limits of

Fu06 are violated.

The basis weight control loop of the considered paper machine
was not in use. For a machine having contrel of the basis
welght it is favourable to have a feedforward loocp from the
fibre flow. One advantage of this is that information of
changes in baslis weight is obtained early. However, the
basis weight fluctuations are also taken into consideration

with a feedforward loop from the couch vacuum.



3. A FORTRAN ALGORITHM OF THE SELF~TUNING REGULATOR,
Assume that the process can be described by

yt) + aly(t—l) + ..+ any(t-n) = blu(t~k~l) toae. +
+ bnu(t—k-n) + ole(t) + cle(tﬁl) + ses + c e(t~n)t + dlv(t~k~l) +

LI o dnv(t~k-n) (32.1)

where y(t) is the output at time t, u(t) is the input at time t,
v(t) is a known signal at time t, {e(t), t = 0, 1, *2,...} is
a sequence of independent normal N(0,1) random variables and k is

the number of time delays.

In the self-tuning regulator the computation of the control
signal basically consists of two steps, L2]. First the para-
meters of the model

ylt+k+1l) + aly(t) ¥ oo, 4 umy(t-m+l) = B lult) + Biult-1) +

o
+ .. Bgu(t~E)J + ylv(t) + ..+ ypv(t—p+l) + e(t+k+l) (3.2)
are determined with a recursive least-squares method. It is

assumed that BO is known.

The new control signal is then computed from

1 ) _ - - - - _
u(t) = ﬁélaly(t) ... 4+ me(t“m+l)] Blu(t 1) 5 §a Bzu(i L)
- % [ylv(t) o 4+ ypv(t-p+l)] (3.3)

O



whnen the regulator parameters have converged, the following

COVArLANCces are zero

r(t) =0, t =Xk + 1, v.oy k +m

Y

x‘yu(Tz:D, T =k 1y ...y k +# 2 + 1
Pyv(r) =0, v =Kk+1, ..., Kk + P

where k is the number of pure time delays. If the least-

squares estimation converges and if
m=mn,1 =n=+5%X-=1, and p = n + k,

then the algorithm will give the optimal minimum variance con-
trol law that can be cbtained 1f the parameters of the process

(3.1) are known, [7]. In this case

PY(T) =0, v 2 k + 1
The properties of the self-tuning algorithm is analysed in
detail in [3] and [7].

The FORTRAN algorithm for the self-tuning regulator presented
here consists of two subroutines, TUNE and REG. These corre-
spond to the two steps discussed above. The program heads are

given in Appendix.

3.1 The subroutine TUNE.

TUNE is a subroutine for recursive least-squares estimation.

In every sample point it "tunes" the regulator parameters.

Consider the system (3.2). Introducing the vectors ¢ and 8



defined by

() = [=y(t) ... -y(t-m+l) sou(tmlj I Bou(t-ﬂ) v{t)

T
L

L’l o e um Bl i & 52 Yl ..i Ypi

we get

y{t+k+l) = Bou(t) + @(t)6 + e(t+k+l)

8.

vit-p+

The parameters are determined by minimizing the loss function

N

VINY = 1~

N-t
tzIn i

)
e

e(t)z by

For time invariant systems the parameter » should be equal to

one. By giving A a smaller value, it is possible to decrease

the influence of early observations. For instance, this can

be done if the process is slowly time varying.

An algorithm performing the minimization is, [6]

8(t+1) = 6(t) + K(t)[y(t) - B ult-k-1) = O(t=k=-1)8(t)]
K(t) = P(E)Q (t-k-1)[1 + @(t-k-1)P(t)o  (t-k-1)]1"*
P(t+1) = £ [P(t) - K(£)[1 + @(t~k-1)P(t)p  (t-k-1)1K (1))

In the subroutine TUNE the above computation is done.

routine call is
CALL TUNE(YS,U,VS,T,P,RL,NA,NB,NC,K,NSTEP)

where Y5 is a vector containing (y-yref)/so

The sub=-

1
5

]



U 1s a vector containing the process input
V5 is & vector containing the known signal v{t)/8
T is a vector containing the estimated parameters

the covariance matrix of the estimated parameters

oh
U

R

RL is the base of the exponential weighting function (RLzx)
NA 1s the number cf a-parameters

NB is the number of g-parameters

NC is the number of y-parameters

K i1s the number of time delays

NSTEP is the number of sample events between *the tunings.

If the process is not changing, the value of RL should be one.
On  the other hand, if the process is varying, RL should have

a smaller value. If RL = 0.89 the two hundred latest sample
pointé approximately will influence the vesult. If RL = 0.95,

only the forty latest sample points will be of importance.

NA, NB, NC, and K are determined using knowledge of the process

or simply by testing different values.

The parameter NSTEP makes it possible to change the tuning

frequency.

3.2 The subroutine REG,

The subroutine REG uses the parameters that have been calculated
by TUNE. It computes the control signal according to eq. (3.3).
REG must be executed at evéry gample event. The regulator para-
meters in the T-vector are updated by TUNE with a frequency of

NSTEP sampling intervals.
The subrourine call is
CALL REG(YS,U,VS,T,NA,NB,NC,K,MSTEP)

where MSTEP ig the maximum value allowed Ffor NSTEF. The o*ther

parameters have been defined above,
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"ROIMPLIMENTATION

AT the Gruvdn Mill there are two 1IBM 1800 computers controlling
different parts cf the paper mill. They use a process and pro-
ducticn control program, PPCFE, which is a system of many diffe-

rent programs running under the real time cperating system, MPX.

4.1 The process and production control program PPCP.

“

PPCP is a "fill-in-the-form" programming system. It is written
partly in FORTRAN and partly in Assembler. There are many

standard routines available:

-

o conversion te engineering units

e
imit checking

o 1

o data ceollection and reduction
o Tregulation

o generation of output signal:

non-periodic functions
0 process operator console communication
ise of limit violati

a
o swftching off of the output of a digital regulator

The periodic functions are executed with certain time intervals.
The nen-periodic functions are executed only when they are re-

avested.,

I* is possible to integrate user-written programs in PPCP.

These programs may be written in FPORTRAN or Assembler. There



dare alsc certain
get access Lo the

temperatures, etc. are described in, '"Main Table variable
specification forms." Such a form Jontaing aill irnformation
about the type of processing that a variable is subject to.
There are sgpecial "system tableg" storing data from the system
specification, from certain computations in FPCP programs, etc.
There are routines available wo user giving access to some of
these system tables and making it possible to modify them. It
is also possible to reach them via the process operator conscle.

The

comnands

ollowing types

~

of signals are used in executing the control

o puilse tra

o pulse duration

o fTull analog

o 1ncremental analog.

b,2 Main

Table variables.

Data concerning the process variables needing periodic process-
ing are stored in the Main Table. These variables are called
Main Table variables
A process variable is said to be '"measured,™ if its value is

determined from the readings of only one process input. It
is said to be "calculated," if its value is determined from
the readings of two or more process inputs or from the values

of other

measured or

calculated variables.

4,2.,1, Execution periods.

dic

The perio

ith execution

functions

periods

into thres
With

jivided

and P3.

in PPCP are

called

groups

Mfast

ik}
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scan” Pl is 1 second. With '"anormal scan” PL is 4 seconds or
multiples of 4 seconds. F2, as well as P3, is equal to Or a

hl

multiple of PL. P3 is available only with "normal scan."

The group executed with period Pl includes input reading,
validity check, and digital fiitering. The group executed
with periad P2 includes convergion tc engineering units,
operational limit check, regulation, storage, and averag-
ing., The last group, executed with period P3, includes

filing cof calculated values on disk.

4.2.2 Main Table records,

Fach Main Table variable has a record in the Main Table. One

' where the

part of the Main Table is subject to '"fast scan,’
records are scanned at a period of 1 second. The other part
is subject to "normal scan," where the scanning period is U

seconds.

The Main Table records may have different lengths. They are
stored one after the other without any empty space in between.
They have the same order as the cards used in generating the

table.
A Main Table record stores information of certain constants,
type of filtering, type of regulation, process inputs, pro-

cess outputs, etc.

4.2.3 Address Table.

A special Address Table is used in leocating a certain Main
Table record. Each Address Table word contains the absolute

address of the first word of a Main Table record.



Each Main Table variable has an identification number which is
defined by the positicn of the corresponding word in the Address
Table. Thus the number is independent of the order of the cards

used in generating the Main Table.

4,2,4 Regulation routines.

A process variable has in its Main Table record three bits in-
dicating the type of regulation algorithm it is submitted to.
There are seven different algorithms including general PID-
regulators and a special PI-regulator,which also uses the two
latest inputs. Generally, incremental control signals are

computed.

A digital regulator is either a master or a slave. A slave
sends its signals to an analog regulator in the process. A
gignal from a master is directed to one or more other digital

regulators.

4.3 Integration of the self-tuning algorithm in PPCP.

The priority and execution frequency of a routine determine

the way of implementation.

4.3.1., Principal ways of implementation.

If the priority is high, the routine must be core resident or
included in an interrupt core load. In the latter case the

highest frequency allowed is 32 seconds.

If the routine has low priority and frequency, it is suitable
to include it in a "main line core load.” This is executed
periodically. The timing with the scanning of other Main

Table records must not be important for this type of core load.
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This way of implementation is easy to do, as it does not

demand any modification of the operating PPCP system.
If the structure of the self-tuning regulator can be chosen

T

¢ be the same as in one ¢f the standard regulators in PPCP,
the subroutine REG need not be used. In this case the regu-
lator parameters stored in the Main Table are tuned by user.
The subroutine TUNE delivers the resulting regulator para-
meters directly to the Main Table. At every sample event the

control signal is then calculated by the PPCP standard routine.

4.3.2 Implementation during the preliminary investigations,

A main line core load was used during the preliminary investi-~
gatidns. This way of implementdation was the most flexible one
with respect to testing of different regulator structures.

When the program was executed, it reguested a new execution at

a time corresponding one sampling interval later.

In the beginning of the program the latest process cutput was
fetched. The subroutines TUNE and REG were then called. Be-
fore the calculated contrel signal was placed in the Main

Table, it was checked that neither the incremental value nor
the absolute value was too high. In case of limit violation
the calculated input was decreased so that the specified lim-~

its were not exceeded.

A special area of the disk was reserved, where temporary re-
sults were stored. Ancther area was reserved for logging of
regulator parameters and process variables relevant for the

experiment.

A separate program was written to handle the data. Mean values
and standard deviations could be calculated, and the data could

be listed on line-printer and punched on cards.
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As the program was not included in the PPCP system on inter-
rupt level among the other regulation routines, the time
between two executions was not always exactly the same. How-
ever, the small deviations that accurred did not seem to

cause any problem.
5. PRACTICAL ASPECTS ON THE REGULATOR DESIGN

When the regulator structure is chosen, the properties of the
process must be taken into consideration. Here some comments

will be given on the regulator design for PM6.

In fig, 5.1 it is schematically shown how the self-tuning regu-
lator was connected to the process. The self-tuning regulator

replaced the two controllers Cl and C2 in fig. 2.1.

DRYING SECTIONS
I
1 | 2

| DRYING PROFILE

| PROGRAM
STEAM | <Y
| SELF -TUNING POINT
l REGULATOR
i
| MOISTURE
F'AR{':"R ] GAUGE
- |
COUCH
VACUUM
GAUGE

‘Fig. 6.1. Connection of the self-tuning regulator to the process.
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‘ne countrol signal was delivered via the Main Table record
of the PPCH controller in the feedback loop (controller Cl

in fig, 2.1

b.1 The regulator structurs.

Time delays and time constants of the process play an impor-
tant role at the choice of regulator structure. On PM6 the
transﬁart time between the couch vacuum pit and the last
drying section was 60 - 80 seconds. The time constant of the

steam system was somewhat longer.

The sampling interval of the self-tuning regulator was 16
seconds. Experiments were made with 3 .~ 5 pure time delays in
the subroutines TUNE and REG. In the regulator structure the
time delay of the feedforward signal from the couch vacuum was
assumed to be the same as for the control signal.

The control signal computed in the subroutine REG was

pult) = % Lo y(t) + ... + amy(t~m>j - slAu(tul) = eew = Byhult-) -

1 ) =
-3 [viAv(t} +oa.. F ypAv(t—p+L}] (5.1)

where

Ay

¥

incremental control signal

difference between the set point of the moisture content
and the measured value

Av = incremental couch vacuum signal.

5.7 Parameters in the subroutine TUNE.

Preliminary experiments had shown that

By = 10



—
s
.

worked well with 2 = § or

wdas a good value. The tuning

B = 20.

9]

Generally, the

initial value of the covariance matrix was
P = 10Tor P = I, whe 1

re I 1s the unit matri £s the regulator
parameters were tuned at every sample event, the parameter

NSTLP of the subroutine TUNE wasg NSTEDP = 1.

5.3 The start-up procedure.

If there are a- and B-parameters available from earlier experi-
ments, these may often be good as initial values for the algo-
rithm. An appropriate value of the covariance matrix must also
be provided.

If nothing is known in advance, the start-up procedure will
work well with e.g. zeroes as initial parameters. In this

case it is suitable to have a limit on the control signal.

On PM6 the limit was
|au| s 0.5 engineering units.

If there is already some kind of regulator controlling the
process, it is often advantageous to use this during the stact
up. On PM6.a standard regulator was used in the beginning of
the tuning. The subroutine TUNE was then updated with the
inputs that were sent to the process by the standard regulator.
The parameters resulting from this tuning worked well as start

values when the self-tuning regulator took over the control.

5.4 Tests during normal process operation.

Regulator installaticns must often be made during normal pro-

7y

This may give special problems and precautions

]

cess operation.

.should be taken. The computed control signals should be tested
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at they are reasonable. Process adjustments that are made

ol

th
y the operators should be registered.

o

]

On PM6 the drying sections limited the capacity of the machine.

u

te
The maximum steam pressure was about 3 kp/cm2, On some occa-
sions a higher pressure was rejguired to keep the moisture con-
tent at the desired level. During the experiments the total
control signal u was checked, and it was never allowed to
exceed 7.7 kp/cmz.
At the evaluation of the experiments it is good to have regis-
trations of relevant process variables. The following variables
were generally registered:

o8

o moisture content |
o 1incremental control signal (Au) [engineering units]
o steam pressure in the fourth drying section (u) [kp/cmz}
o steam pressure in the third drying section [kp/cm21

o couch vacuum (vY Im H?O]

When the process operator altered the set point of the speci-
fic energy of the refiners, it was often possible to notice

this in the couch vacuum registration.

If the control signal, i.e. the steam pressﬁre, is to be stud-~
ied the pressure FL408 (vref. value) in the third drying section
gives a good undérstanding of the control action. As the ac-
tual control signal, FHOG'in the fourth drying section gets
its reference level changed by the drying profile program, no
information about long trends in the steam pressure 1is obtained

from this signal.

During the normal operation of the process there are sometimes
interrupts in the meisture registration. These may depend on

cleaning of the moisture gauge (occurs about every half-hour)



on paper break, etc. When a paper break has occurred, a special
system program starts decreasing the steam pressure. When the
process is dy toc start up again, the same program lncreases

the steam pressure *o the value it had before the paper break.

6. EXPERIMENTS

In this secticn some experimerts with different regulator struc-
tures will be discussed. The process was subject to varying
operating conditions during these experiments, and machine

speed changes, as well as basis weight changes, have been studied.

In the figures showing moisture content the set point has been

1

indicated with a line.

6.l Cortrol experiment on October 23, 1872.

In this experiment the following regulator structure was used:

Number of g-papameters 2
Number cf B-«parameters ?
Number of y-paranmeters 2
Number of time delays 4
Base of weighting function 0.99
Scale factor BO 10

i

The length of the experiment was 24 hours.

Figure 6.1 shows reglbtratlons from the first part. The basis
welghL was 127 g/m . At 21.12 the ordinary regulators were

dloconnec red, and the self~tuning regulator started to control.

At 21.42 the specific energy of the refiners was decrea
from 20 kW/ton to 18 kW/ton. This change influenced the couch
vacuum, which was getting smaller, fig. 6.1l.e. To keep the mois-

ture content at a constant level the regulator had to decrease
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the steam pressure, fig. B.1.d. Fig. 6.1.a shows that there

was a sudden disturbance in the meolisture convent at the time

of the energy change of the refiners,

At 22.28 the specific energy was increased and fig. 6.1.a shows
that the moisture content suddenly got high. In fig. 6.1l.e a
corresponding change in the couch vacuum can be seen. The
self-tuning regulator managed to increase the steam pressure
quickly, fig. 6.1.d, and the moisture content returned to the

crdinary level.

At 24,18 and at Z4.47 there were also significant disturbances
in the moisture content, fig. 6.l.a. TFrom fig. 6.1l.e it appears
that therse were gréat disturbances in the couch vacuum at the
same point of times. However, the self-tuning regulator man-
aged to change the steam flow guickly enough to eliminate the

disturbances.

The regulator parameters did not vary much. The disturbances
in the moisture content at 21.42, 22.28, 24.18, and 24.47 were
however noticeable, especially in the registration of the y-
parameters.

'ig. 6.2 shows the same experiment between 2.40 and 6.40 on

October 24: The trend of the couch vacuum changed during this
period, fig. 6.2.e. The self-tuning regulator compensated for
this by increasing the steam pressure at about 03.40, fig. 6.2.d.
Except for some sudden disturbances, the moisture content is

then satisfactory, fig. 6.7.a.

The dip of the moisture content at 03.31 was caused by a small
change in machine Speeds The regulator parameters were aliso

influenced. At 06.06 the specific energy of the refiners was
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", This introduced a disturbance in the

The standard deviation of the moisture content is 0.37% for

fig. 6.1.a and 0.44% for fig. 6.2.a.

In fig. %.3.4 the estimated covariance for the moisture con-

=

tent, ry(x), has been plotted for the first part of the expe-
riment. Fig. 6.3.b shows the cross covariance between the
moisture content and the incremental control signal, Pyu(T).

For a minimum variance regulator

ry(T) % 0, T 3

-

ryu(TJ = 0, 1 2

if the disturbances are gaussian. The dashed lines in the
%

figures indicate a 95% confidence interwval for t § 0.

iy (1) 4 Fyult)

10+

0.5+

() o M_ﬁ:ﬂ:&:‘ﬂr" T " T 0 t

5 10 5 10

& . b.

Fig. €.3. The estimated covariances ry(T) and PYUGTB computed
for the first part of the experiment (fig. 6.1). The covari-
ances have been normalized. There were four time delays in the

regulator.
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have beern normalized, 1p this experiment there were three time

delays in the regulator.

In fig, 6.5 there ig 4 registration of the moisture content

from the whole experiment, about 29 hours.
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N

£.3 Control experiment on October 27,1872,

Compared with the previous experiment the number of y-para-
meters was now decreased to one, and the base of the welght-

ing function was increased to 0.999.

Number of a-parameters 3
Number of g-parameters 5
Number of y-parameters 1
Number of time delays 3
Base of weighting function 0.399
Scale factor g 10.

Mo

The experiment, which was 14 hours long, includes a- basis
’ . - . 2 , ? .
welght adjustment, from 150 g/m” to 112 g/m”, which was made

at 172.50.

The results from the first part of the experiment are given
in fig. 6.7. The self-tuning regulator was connected at 00.30.
The registration of the couch vacuum, fig. 6.7.e, indicates
that there were rather great disturbances in the process at
the time of the experiment. The plot of the moisture content,
fig. 6.7.a, shows that the difference between the actual moisg-
ture content and the reference value was sometimes great, al-

though the mean value seemed to be satisfactory.

The registrations are continued in fig. 6.8. At 05.52 the
couch vacuum decreased, fig. E.8.e. Therefore, the self-
tuning regulator decreased the steam pressure, fig. 6.8.4d,

to keep the moisture at a constant level.

At 07.20 the machine speed was changed from 308 m/min to 320
m/min by the operator. This speed change introduced a sudden
disturbance in the moisture content, fig. 6.8.a. About ten
minutes after the speed change the moisture level was satis-

factory again.
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3

he results from the last rart ¢f the experiment are shown 1n

4

£. 6.8, Three bPaper brealks occcurread during this periocd, name-

[

i
y at 10.50, 12.33, and 13.16.

The second paper break was caused by an unsuccessiul attempt

tO change the basis welight., At 17.50 the basis weight had been
& £

. yo 2 . . ; i
succesefully adjusted to 112 g/m”. During the change the ma-
chine speedhad been increased from 320 m/min to 430 m/min, and

the lip opening had been decreased from 29 mm to 25 mm. The
1

fibre flow and the head box pressure had also been changed,

The process dynamics seemed to change at the basis weight

adjustment, and the parameter estimates obtained new vialuesg
in a short time. Aftep the third paper break the operating
conditions seemed to be normal again, and the moisture con-

tent control worked well,

This experiment included great process disturbances, machine
speed changes, and a basis weight adjustment. The self-tuning
regulator was connected to the process all the time without
any troubles. The standard deviation of the moisture content

in fig. 6.7.a and 6.8.a is 0.52% and 0.54% respectively,

In the figures 6.10 and 6.11 the estimated covariances for the
data in the figures 6.7 and 6.8 have been plotted. For a mini-

mum variance regulatorp

1f the disturbances are gaussian. The dashed lines indicate a

95% confidence interval,
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Gl Controel eXperiment on
201

February 21, 1973,

The following type of regulator wasg used:

Number of E=parametersg Z
Number of B~pdrametepg 2
Numbepr of T-Parameterg 1
Number of time delaysg 5
Base of weighting funetion 0.98
Scale factop By 1o,

The self—tuning regulator was connected to the procagg from
values of the

bt

the beginning of the experiment. The initig
Parameters were

and the Covariance matrix wag 0.5,

Fig. 6.19 shows the Process Variablesg registered at the expe-~
riment. 1p the beginning there wepe great disturbanceg in -
the procegg, This can pe Seen e.g, ip the couch vacuum op
the moistyre content, fig. 8.12.e and 6.12.4 respectivelyn

At abour 12.00 the “ouch vacuum hag Stabilized at a higherp
level, Thig reqﬁired 2 higher steap Pressure, fig. 6
The fegulatop bPadrameters wepg influenced by the change in the
Pulp that nade The couch vacuum deerease at aboyt 11.30. This
can'be Seen €Specially ip the 8- ang Y~Parameters, fig. 6.12.g
and h,

The standarg deviation of the moistyre ¢ontent inp fig. 6.12.a

is 0.284%.
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FThe estimated covaviances r () and r_ (1) have been plotte
Y

Yu

in fig., 6.13.

0.5

Fig. 6.13. The estimated covariances v (t) and Eyu(r).
They have been normalized. .In this experiment there were
five time delays in the regulator.
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6.2 Control experiment on Cctober 25, 1877,

This experiment was made with an increased number of regulator

parameters and three time delays.

Number of oa-parameters 3
Number of g-parameters 4
Number of y-parameters 2
Number of time delays 3
Base of weighting function 0.99
Scale factor B 10.

The length of the experiment was 20 hours. Registrations from
the first part are shown in Fig. 6.4. The basis weight was

? 2 . o i
10127 gim®. After about eight minutes the self-tuning

M, -
STLd

IS T Y

regulavor started to control.

At about 18.40 the quality of the paper was changing.

This can be seen in the couch vacuum registration, fig. 6.4.e.
pressure, fig. 6.4.d.

At the end of the registration in fig. 6.4.f - h the para-

meters were

a, = 4,04 o, = 1.06 a, = -6.03

Bl = 0.22 82 = =0.40 %3 = =0.,Ll8 B, = =0.24
Yy, = =3.93 Yy = -5.82

oLy .

The standard deviation of the moisture content in fig. 6.4.a
is 0.39%.



