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AN INDUSTRIAL APPLICATION OF A SELF-TUNING REGULATOR.

U. Borisson B. Wittenmark

ABSTRACT.

An implementation of a self-tuning regulator is described.
The regulator algorithm consists of two steps. Firstly

the parameters of a model of the process are estimated in
real time using the method of least squares. Secondly a
minimum variance regulator based on the estimated parame-
ters is computed at each sampling interval. Implementation
of the algorithm on a process computer is discussed. Ques-
tions concerning program structure ahd storage requirements
are considered. Results from the moisture content control
on a paper machine are presented. The experiences are very
good concerning the start-up behaviour ag well as the sta-

tionary behaviour of the self-tuning regulator.
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1. INTRODUCTION.

More and more industrial processes are controlled by pro-
cess computers. The computers make it possible to use more
complex regulators than the conventional PID-regulators.
The administration of the data handling and the computa-
tion of contrel signals are generally done by a special
pregram package (DDC package). The program packages con-
sist of a collection of standardized regulators and data
handling routines that can be used for different control
loops. Often it is also possible for the user to include
his own subroutines. The regulators are mostly discrete
time versions of PID-regulators, sometimes with addition
of dead~time compensation based on the idea originally
proposed by 0.J.M., Smith. These standardized regllators
have simple structures which are characterized by few pa-
rameters. In many applications it is, however, desirable
to have more complex regulators, but these seldom are
implemented since they are difficult to tune. A badly
tuned complex regulator can make a poorer control than

a well-tuned simple regulator. It is thus desirable to
have some kind of automatic tuning of the regulator para-

meters.

One way is to use an adaptive controller that automatical-
ly can adjust its parameters depending on the changing en-
vironment in which the regulator works. One special type
of adaptive controllers are the self-tuning regulators,
which are discussed in [21, [3] and [6]. The regulator

tunes 1ts parameters on~line. It is assumed that the pro-.
cesses to be controlled have constant but unknown parame-
ters. Further, it is assumed that the processes have one
single input and one single output and that they are mini-
mum phase. The algorithm of the self-tuning regulator can
be divided into two steps, identification and control. The

algorithm performs a real time identifieation of the para-~



meters in a model of the process using the method of

least squares. The control law is a minimum variance re-
gulator based on the estimated parameters. The regulator
can be used to tune peranmeters in feedback as well as
feedforward loops. Other types of self-tuning regulators
are discussed e.g. in (4] and [5]}.

The theoretical aspects of the self-tuning regulators,
considered in this report, are thoroughly discussed in
[2] and [63. The main result is that 1f the parameter es-
timates converge, certain covariances of the output and
cross—covariances between the output and the input are
equal to zero. Further, if the number of parameters of
the regulator is large enough and the process to be cont-
rolled can be described by & linear finite dimensional
model the regulator will converge to the minimum variance
regulator that could be ohtained if the parameters of the
process were known. In practice, the algorithm has shown
good convergence properties., Experiments on laboratory as
well as industrial processes have shown that self-tuning

regulators are well suited for industrial applications.

In this report it is discussed how the self~tuning regu-
lators can be implemented on process computers and re-
sults are given from control experiments on a paper ma-
chine. The algorithm which ig quite general can be app~

lied to many types of processes.

In Section 2 it is discussed how the self-{tuning regula-
tors can be used and how program structure and data bases
can be organized. Moisture content control on a paper ma-
chine i1s described in Section 3. Results from sxperiments
on a paper machine at the ¢ruvdn Mill of Billerud Company
in Sweden are given in Section 4. Experiences of the ex-

periments are summarized in Section 5.
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2. IMPLEMENTATICN OF SELF-TUNING REGULATORS ON PROCESS
COMPUTERS.

2.17. The Use of Self-Tuning Regulators.

Sometimes it 1s necessary to use a regulator with many

parameters. This is for instance the case when:

& the process has several time-delays,

& feedforward compensation is used.

In these cases it can be favourable to use a self-tuning
regulator, because it is difficult to do the tuning ma-

nually.

The theoretical results concerning the gelf-tuning regu-
lators are obtained under the assumption that the parame-
ters of the process controlled are constant but unknown.
In [8] it is discussed how the algorithm can be modified
to follow slowly time-varying parameters by introducing

a weighting factor, A, less than one.
The sedf-tuning regulators can be used in different ways:

@ A self-tuning regulator can be used at the installa-
tion or retuning of a regulator loop. It can be re-

moved when a proper parameter set is obtained.

@ The sélf-tuning regulator can be installed among the
other system programs in: the computer and periodically
serve different control loops.

® If the process has time-varying parameters, it may be
desirable to have the self-tuning regulator connected

to the regulator loop all the time.



s
£

2.2. Program Structure.

When implementing the algorithm on a process computer it
is sometimes advantageous to divide the algorithm into

two parts, one for the estimation and one for the cont=-
rol. If the algorithm is implemented on a computer having
a DDC package the control part in many cases can be imple-
mented using the standard set of regulators defined in

the DDC package. The estimation or tuning part then de-
livers the regulator parameters to the data base used by
the DDC package. If a regulator structure is used that is
not available among the standard routines it is necessary

to write a gpecial routine for the control part.

The tuning part must be speciallv written and included i
the system programs. This routine can be used for many
different loops if special care is taken concerning the

storage of data.

If the routines are written straightforwardly using stan-
dard FORTRAN, the program length will be about 31 state-
ments for the tuning part and about 28 statements for the
control part. When compiled on an IBM 1800 with floating
point hard-ware the storage requirement will be about Lug
memory cells for the tuning part and about 310 memory cells
for the control part. The storage reguirements can be con-
siderably reduced if the structure of the estimator equa-

tions ig utilized.

The data needed for the self-tuning algorithm can be di-
vided into three types: state variables, dummy variables
and constants. The state variables are input-output sig-
nals, parameter estimates and their covariances. The dum-
my variables ave temporary variables used at only one in-
terval of time. The constants define the regulator struc-

ture,
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Let the number of parameters of the regulator be r and
assume that there are k steps of time~delay in the pro-

cess. The data storage of the two routines together will
be

State variables 0.502 + 2.50 + 3k + 6
Dummy variables P
Constants 5

It has then been utilized that the covariance matrix i
symmetric. The control voutine needs 4 constants and 2vr

state variables. If the tuning algorithm serves only one

s

b
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op at a time it can use the same data area for all loops.

2.3. Selection of Parameters and Start-Up Procedure.

Simulations and experiments have shown that the choice of
meters in the algorithm is not crucial. The only para-
meter that must be chosen with some care is the number of
time~delays, k. An under-estimation of k can be serious,
while an over-estimation of k with one or two sampling in-
tervals is not serious. The choice of parameters is dis-

cussed thoroughly in [6].

&
values of the parameters can be arbitraryv. It is suitable,
however, to limit the control signal comparatively much
in the beginning. After short period of time the para-
meter estimates are good enough to give successful cont-

rol, and the limit of the control signal can be eased.

Another way to start up is to use good initial values of



the parameters. For instance, these values can be obtained
by letting the control routine work as a simple PI-regula-
tor for a short period of time with fixed parameters, while
the tuning routine is running. The estimates of the regu-
lator parameters and the value of the covariance matrix
obtained in this way generally work very well as initial
values when the real tuning starts.



3. MOISTURE CONTROL ON PAPER MACHINES:

One of the control problems when producing paper is to
keep the moisture content of the paper on a desired le-
vel. The moisture content is influenced by many variables
e.g. the basis weight, the degree of refining and the qua-
lity of the pulp.

The moisture content control loop at the Gruvén Mill will
now be described. The experiments in the next section were
made on a.machine producing fluting. The production is app-
roximately 130 000 ton/year. The basis weight range of the
fluting is 192 - 150;g/m2
refiners and the digesters are controlled from an: IBM 1800
computer., A DDC package, PPCP (Process and Production Control
Package), is available on the computer [1 ].

+ The paper machine as well as the

The moisture content of the paper is controlled primarily
with a feedback loop from a capacitive moisture gauge, to
the steam pressures of the drying cylinders of the last
two drying sections. See Figure 3.1, The moisture gauge
is kept in a fixed position. No averaging of the moisture

content over the machine width is done.

The moisture content is influenced by several process va-
riables and it is advantageous to use feedforward compen-—
sation. The thick stock flow, which influences the basis
weight, or the reference value of the refiners are sig-
nals that can be used for feedforward control of the mois-
ture. On the paper machine used in the experiments a feed-~

T,

forward signal from the couch vacuum was used. This ha

n

m

the advantage that disturbances from the refiners as well
as basis weight fluctuations originating from the head

box and the wire are taken into account.
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Fig. 3.1 - Schematic figure of the drying sections and
the moisture content regulation at the Gruvdn

Mill when the self-tuning regulator was used.

It is desirable to have a certain drying profile, i.e.

to have a certain relationship between the pregsures of
the different drying sections. Therefore, a special prog-
ram which is able to adjust the drying profile is inclu-
ded in the system. The pressure of the fourth section is
allowed to vary in the interval 0 - 1 kp/cm2 below the
pressure of the third drying section. The drying profile
program changes the presgure of the third section if a
pressure outside the limits of the fourth drying section

is required.

The reference value of the fourth drying section thus can
be influenced by the moisture and couch vacuum signals and

the drying profile program.

When the self-tuning regulator was used to control the
moisture content the sampling interval was 16 seconds. The
moisture and couch vacuum signals were measured and fil-
tered every 8th second. The filter used for the moisture
signal was part of the DDC package and had a short time

constant.
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4. EXPERIMENTS AT GRUVUN.

Several experiments with the self-tuning algorithm

were made using different regulator structures. The num=-
ber of regulator parameters and the number of time-de-
lays were varied. The regulator was tested under diffe-
rent operating conditions including great process dis-
turbances. Basis weight changes and machine speed adjust-

ments were also investigated.

Two examples will be discussed, where the self-tuning
regulator controlled the moisture content of the paper
machine. The structure of the regulator was different

in the two cases.

Example 1. The number of regulator parameters was 6. Four
parameters were used in the feedback loop and two in the
feedforward loop. The regulator had the structure

Vu(t) = ay(t) + a2y(t-1) - By Ru(t=1) - Byvul(t-2) +

+ Y1Vv(t) + Y2VV(t—1)

where

yu - incremental control signal
y - moisture contentdeviation

yv - inecrement in coach vacuum signal.

The time-delay in the process, k, was assumed to be four
sampling intervals.

The following process variables were registered during
the experiment:
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@ nmoisture content (the set point is indicated by a
line) [%]

@« incremental control signal (Yu) [engineering units]

® steam pressure of the fourth drying section (u)
2
[kp/em®]

® steam pressure of the third drying section (reference
value) [kp/cmz]

e couch vacuum signal [igt HZO]

The experiment started by letting the tuning algorithm
run for about ten minutes having a PI-regulator with

fixed parameters to compute the control signal. The es-
timated parameters obtained were used as initial values
when the self-tuning regulator started to control. The

results obtained are shown in Fig. %.1 = 4.8.

Changes in refiner energy often are possible to observe

in the couch vacuum registration.

At 21.42 the refiner energy was decreased by the process
operator. This adjustment can be observed in the moisture
content and couch vacuum registrations (Fig. 4.1 and 4.5).
The self-tuning regulator compensated for the change by
decreasing the steam pressure, which best can be seen in
Fig. 4.4,

At 22.28 the process operator increased the refiner enepr=-
gy. After that the couch vacuum variations were rather
small until about 24.00. Then some disturbances influenced
the process, and the variaticns in the moisture content

were increased.

The self-tuning vregulator was able to change the steam
pressure fast enough to maintain good control. The esti-~

mated standard deviation of the moisture content in Fig.
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k.1 is about 0.37%. This result is quite good when using
a moisture gauge kept in a fixed position and without
averaging over the machine width. In the Figures 4.6 =

~ 4.8 the regulator parameters are shown.
When the parameters have converged, and if the structure
of the regulator is the same as of the minimum variance

regulator of the system, then [2]

r () = 0 T 3 k+1

W

rvu(r) =0 T 41

where k is the number of time-delays. In Fig. 4.9 the es-
timated covariances vy(T} and fyu(TB have been plotted.
The dashed lines indicate a 95% confidence interval for
T 4 0.
~ - 3 .‘
Fy () FyulTi
1.0 10
0.5- 0.5+
0 bt T 0 A T
5 10 5 10

Fig. 4.9 - The estimated covariances of the data in Fig.
4.1 and 4%.2. The covariances have been norma-

lized.

In this example the covariances are expected to be zero
for 1 3 5. In Fig. 4.9 there is only one point, ryu(S),

that is outside the 95% confidence interval.
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Example 2. In this case the regulator contained nine pa-
rameters. The regulator had the structure

Vu(t) = agy(t) + azy(t—1) & aay(t4é) -

+ Y1ﬂv(t) + Y22V(t-1)

The parameter k was given the value 3.

In Fig. 4.10 there is a registration of the moisture con-
tent for about 20 hours. The set point was 8.5% until
08.30. Then it was increased to 8.7%. The self-tuning re-~
gulator managed to keep the moisture content near the set
point all the time. The estimated standard deviation of
the first four hours is 0.39%. Later in the experiment it

was even smaller.
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Fig. 4.10 - Moisture content from the experiment in Example 2. The length cof the experi-

ment is about 20 hours.
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5. EXPERIENCES.

The self-tuning regulator has been used in experiments
of different lengths to control the meisture content of
paper. The experiencesg are very good both concerning the

start-~up phase and the steady state control.

In the experiments on the paper machine it turned out
that the choice of parameters in the regulator was not
crucial. The number of parameters in the regulator could
be chosen in different ways without influencing the stea-

dy state performance drastically.

When the disturbances acting on the process were small,

the experimental results were in accordance with the
thecretical results. See for instance the estimated co-
variances in Figure 4.9. At paper breaks the self-tuning
routine was stopped and a special program Was started to de-
crease the steam pressure of the drying sections. When

the process was started up again the same program increased

=

the steam pressure. Then the self-tuning regulator took
over the control using the same parameters as before the
paper break. Generally the parameters were not influenced

very much by the paper breaks.

In most experiments a start-up procedure with an identifi-
_cation phase was used as described in Section 2. In the re-
gistrations of the parameters it can be seen that the tran-
sient period of the parameters has been about 10 minutes,
which corresponds to about 40 sampling intervals. There may
be a slow trend after the first transient before the sta-
tionary values are reached. Since it is desired that the
stationary values should be reached as quickly as possible
it can be convenient to use an exponential weighting fac-
tor, A, which is time-varying. The weighting factor also

makes it possible to follow slowly varying parameters. When



the value of A is determined there is a conflict between
the demands on the ability of parameter tracking and the
quality of steady state controcl. This iz the dilemma that

always exists when designing adaptive controllers,

From the registrations of the moisture content and the
couch vacuum it can be seen that the disturbances do not
always seem to be stationary. The disturbances can be
small for a long period of time but suddenly large dis-
turbances may occur in the pfocess. However, the self-
tuning regulator does not seem to have any difficulty to

handle this type of disturbances in practice.

The self-tuning regulator had the same structure as the
moisture controller used on the paper machine, i.e. a
feedback locp from the moisture gauge and a feedforward
loop from the couch vacuum gauge. The ordinary control-
ler sometimes had difficulties to compensate for drift
in the couch vacuum which originated mainly from varia-
tions in pulp quality and the degree of refining. Using
the self-tuning regulator it was possible to follow the
reference value better. The balance between the feedback
and feedforward lcops was improved by the self-tuning re-
gulator. The performance of the ordinary controller was
then improved by adjusting the parameters in accordance
with the estimates obtained from the self-tuning regula-

tor.
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