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Abstraci. The paper discusses a self tuning control algorithm for a multivaria-
ble plant applisd to a grammage cross profile control of a paper machine. The
plant model represents the steady-state couplings as well as the dunamics beha-
viour of the suystem, The control algorithm handles special situations including
the case where the number of measurements is not equal to the number of actua-

tors and the case where special actuators are locked.

The whole identification algerithm with a speclal
the required measurement accuracy for a succes
The paper
of the control =ystem including the cases of

state couplings will be discussed.
tion errors.

Finallu,

- filter and an estimation of
ful identification of the steacy-
shows how Lo proof the stabllity
locked actuators and identifica-

the whole control system is verified by in house simulations and at a

real plant. The obtained control results are dizcussed,
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Paper and extruded plastics are produred continu-
ously on fast running machines with web width up
to 10 m.

The quality requiremsnts in paper and extrusion
coating productions are very high, especially for
low variance in eross direction. The main qualiiy
sheet parameters of interest are

* granmsgs
e moisture content
¢ caliper.

The quality parameters across the web can be in-
fluenced by several acluators as
¢ slice positioners at the head kox
(gramuags |
o steam zhowers [moisture)
e infrared heaters (moisture)
¢ zir showers (caliper, smoothness)
¢ inductive heating coils (caliper,
smoothness)
The actuators consist of several equal parts,

which are controlled independently and influence
areas of different size of the web.

For cross protile grammage contrel the slice ope-
ning ot the head box is changed. Due to the phy-
si1cal interaction between actuator, web and the
flow in the head box, a single actuator element
influence broad areas of the sheet. This results

219

in strong couplings between the single actuator
From the control point of wview these
interactions result in an multivariable plant
description with strong couplings betwesn the
single contral loops. The gramage control 1s the
demanding control locp compared with mois-

responses.

most

ture and caliper ones. Therefore we will focus
sur interest to this guality control loop. The
derived alaorithm iz alse useful for other kinds

ot actuators and contirolled variables [e.g. mois-
ture).

The paper is crganized in 3 sections. The second,

third and fourth describes the plant behavicour,
the mathematical representation and the applied
control stratequ. Section five is applied to the

identif ication algorithm.
Sectlon five to nine describe the complete multi-
variable control system, the stability analuysis
and compare some in house simulation results
with commizsioning results at a paper machine.

11. PROCESS DESCRIPTION

The process has been discussed in sowe earlier
paper, The work of Beecker an Barerss (1] 1= the
most complete early treatment of the subject from
the cross-profil-control point of view,
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Some later papers of Boyle [2,3] and Wilhelm
[4,5] discusses the weight control in cross di-
rection by actuators which are located at the wet
end of the machine, too.

All these papers discusses some special aspects
of cross profile control. This paper tries to
glve a solution for the complete problem inclu-
ding an identification procedure and a stability
proof.

However, the major problem for the controller de-
sign is the strong interaction of the effects of
ad jacent cross-direction actuators at the wet end
of the machine.

Fig. 1 shows the flow onto the wire. An increase
of the flow within one section leads to changes
in the grammage profile within a third of the web
width.

SLICE POSITIONER

SLICE

DRYLINE

Fig. 1 Wet end of a paper machine

In order to obtain the steady-state behaviour of
the sustems we assume that the i-th actuator is
moved. The result is a decreasing or increasing
«f the mass-flow at this point depending the sign
of the slice positioner displacement. Due to
cross flows in the head box we obtain at the dry-
line a typical response of the grammage profile
as shown and described in some papers before (see
alse fig. 2). ‘F

(1) (2)

Fig. 2 Typical weight profile responses to slice
displacements in one position

Ve call such a response "coupling curve', Cne can
measure this effect on-line by scanning Sensors
mounted at several locations within the paper ma-
chine (see fig. 3).

Fig. 3 Measurement unit

These units measure the web parameters (e.g.
grammage, moisture, caliper) along a triangular
measurement trace as shown in fig. 3. The measu-
red values contain the information in cross-di-
rection and in machine direction. We discuss the
cross direction measurements only. These has to
be calculated from the measured diagonal profil.
The necessary filter algorithm is not cons idered
here. For further Information on this point see

(6].

I1I. PROCESS MODEL

The steadu state response can be discribed by eq.
1, if the displacement of one slice position j is
considered only.

Yy 9
ul = f9islY eq. 1
Ym Anj

with u, ~The measured grammage values in Cross

direction

qi_‘; - The values of the coupling curve .

Considering all actuators eg. 1 expands to the
matrix equation

y=Qu eq. 2

Normally the number of measured polints (m) of the
web in cross direction is not equal to the nimber
of actuator elements (n). Accordingly the coup-
ling matrix has the order m x n. Pue to the fact
that the coupling curves Influence a part of the
web only the coupling matrix has a band-struc-
ture.

The duynamic part of the process mndel can be des-
eribed by the lag behaviour of the actuators and
a transport delay Tt,

These two effects are represented in eq. 3 in the
frequency domain as

s £
Dis) = " eq. 3
) 1
0 14T .=
nxn
e—Tts
T(s) = _Tts
e
Imeam
GEER T, ®ia
& t v
pap
v = r velocite
pap pape ]
1 - distance between actuator and

measuring unit

The diagonal matrix elements have generally all
the same value.
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T ='T i=1,2 .... n

Finally, the whole process model is shown in fig.
4.

n
4= D= Q T’[ﬁs;?ﬁkﬁ!

Fig. 4 Block diagram of the process model

IV. CONTROL STRATEGY

For the control task it is most important to in-
fluence the grammage on a width of one measure
point, that means one has to eliminate the coup—
ling terms. This can be done via a decoupling ma-
trix.

From multivariable control theory it is known,
that strong couplings between control loops cause
stability problems. A common solution is the In-
troduction of a decoupling matrix which yields to
decoupled single control loops. In the case of m
= n the coupling matrix is a quadratic one.

To calculate the required slice position u we de-

fine eq. 4.

u = RTED eq. 4
#ith Y, the required grammage profile and RI the
decoupling matrix. With the goal that y should be

equal to Y (y = EDJ we obtain R‘I = Q_l, (see al-

zo0 fig. 5)

1=,='Rr_i',=,0=é,

ﬂ_g. 5 Decoupling with the matrix E’I

In the case of m > n which Ils the normal one, the
inverse matrix is not defined. A possible way to
find still a decoupling matrix is the introduc-
tion of a performance index and the minimization
nf this index.

A typical performance index J for such a problem
is given with eq. 5

Minimizing the index J the resulting decoupling

Matrix RI can be written as

Rt = (@Te) 1T eq. 6

This matrix is the pseudo inverse of Q. The mul-

tivariable system ig decoupled by the matrix RI—
and the multivariable control loop can furtheron
be discussed as a system with n independent

loops.

fAll these loops has the same time constants. This
yields to identical controller parameters.

The complete control loop is described by five
matrices as shown in fig. 6.

Fig. 6 Structure of the control loop
RI represents the decoupling matrix and Rd[s) the

dynamic part of the controller, which is a diago-
nal matrix with ldentical elements r(s).

r(s)
Rd[s) = Y e eq. 7
r(s)

nxn

The plant model is represented by D(s), 0 and
T(s).

The dynamic behaviour of the cross profile with
the above described strategy depends very closely

cn the accuracy of the decoupling matrix RI_ The
matrix is calculated from the steady state plant
model Q which is ecalculated from the coupling
curves. The identiflication of the coupling curves
is described in section five.

V. IDENTIFICATION

The identification is done with a least square
method. Ome slice position u, is changed at time

k and all others remain in the old position.
Equation 8 describes the response to be measured.

ylk +d+e) - yk +dj =

q(u, (k) = uy(k - 1)) eq. 8

d is the transport delay
[ is the response time
both are rated in sampling steps.
In order to decrease the influence of measurement

disturbancez the measurements can be repeated s
times without slice changes.

=M

(E[k*d+e+1]"ifk*fj'11=
=0

EJ(sH](u (k) - u1(k-]]) eq. 9

]

With N changes of the slice positioner one ob-
tains eq. 10.

4 = l.lJ Sj eq. 10
T 2 N

¥o= (1), Yy(@). ... uy(N)

uT- u 1), u Z . (N))

4y = gl ug(2)-.ugyh)

with

s
i[l” =Z (yld+ 1+ 1+%je+ (i-1)g) -
' 1=0

y(d -1+ 1 +(i-1)e + (I-1)s))
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=
ug(l) = f:ﬂ(uj(x + (i-1)e + (i-1)s) -

uslli=1)e+ (4=1)8))

For the estimation of the gj—-tarm eq. 11 can be
used (see [7]).

C!T = [uT u )-IUT y eq. 11
= S35

With eq. 11 an identification of a single coup-
ling curve is carried out.

The identification algorithm calculates each
point of the coupling curve indenpendent from its
neighbours. Due to the phusical behaviour of the
flow onto the web, the coupling curve must be
smooth.

This knowledge leads to a filter algorithm of the
coupling curve, which is shown in fig. 7.

9
0.4

(+ B X

-3 -2 - o | . 3L
Fig. 7 Filter function

b/2
I L 124 RS K1 VY I T 2
j=-b/2

0 |i]>br2

ali) = eq. 12

With the weighting factor a and the width of the
filter b the filter response can be chosen.

; F
The filtered values of the coupling curve g are
caleulated with eq. 13

dy a(i-1) 1=1;20vin eq. 13
=1~

The identification and the multivariable control
loop strategu are combined in the whole control
structure which is shown in fig. 8.

L]
CALCULATLON =1 | enTiFIoATION Il—- CHECK OF THE CONTROI,
or #f 158 RESULTS (0 ,opax)
T T
' '
\ '
gl ' | -
H
OO | | LW s e
¥ Ry oI ]
) 1 ol | ¥ .u X
Pty 2 PLANT — >
_ E M E‘m Of’ n m

m

Fig. 8 Structure of the multivariable selftuning
) loop

The plant level in fig. & describes the basic

; ' 1
control loop with the decoupling matrix B and

the controller matrix Rd(s].

The supervisor level observes the control results
and calculates the necessaruy position of the
switch in fig. 8. The position of the switch in-
dicates closed loop control or identification
mode. There are several mathematic or heuristic
criterions available to calculate the position of
the switch. One criterion for rating the control
loop result is the o-value of the cross profile
(see eq. 14)

1 2 2
o=V il(lji = ypy) eq. 14

m - number of measured points in cross direction,

An other one is the maximum of the difference be-
tween the commanded and measured wvalue of the
cross profile

& ™ max[]q.l - q[“I] i=1l...m eq. 15

A practical way is to switch the control off and
start the identification if the emax-va!.ue or the
o value exeeds their upper limits,

The identification results are needed to calcu-
late a new decoupling matrix. When the identifi-

cation is finished this matrizx will ke used and
the switch is set back to the basic control mode.

VII. STABILITY ANALYSIS

The stahility of the basic control loop has to be
verified especially in the case of locked actua-
tors and errors of the plant model which is used
for decoupling.

In order to proof the stability of the multivari-
able control loop we break the loop between-
Rd{s) and D{s) in fig. &. Then one obtains for

the open loop L(s)
I . ) )
L(s) = Ry(s) R'T(s) C D(s) eq. 16

Assuming that T(s) iz a diagonal matrix with
identical elements one can change the position of
I

R” and Tis) tn eq. 16 and cbtain
s TI.
L(s) = Ry(s)T(s) EQ DIs) aq. 17

with B = (@8 0"

L{z) = Ry(s) T(=) {6T(i)'1i;\rrs B(s) eq. 18
with {Eijrbf"lf‘):T') =5
Lig) = Rd{m T{s: 3 Di=) ey, 19

In the case of @ = Q 1s & equal I and the whole
multivariable loop can be written as & n-single

loop system since the matrices Ri['s';. T(=), Di=)

are diagonal ones. In this case the multivariable
system is stable 1if the n-single loops are
stable,

The design of the multivariable loop iz now sim-
plified to n-single loop designs which can easily
be carried out by wellknown procedures.

In such a system a locked actuator effects that
one single loop ls not controlled but this has no
influence on the other ones. Due to the fact that
the uncontrolled single plants are stable the
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whole multivariable system is stable, too.

The assumption a = Q is not a serious one for a
real plant. The measurement errors and disturban-

ces lead always to an ldentiflcation error Q $ Q
with the result that S is not equal I

However, the above described facts are wvalid also
for stability, if the matrix S is a diagonally
dominant matrix. For a proof look at [8]. A sta-
bility theorem based on the concept of a set of
"normal ized" Gershgorinbands and a practical rule
how to caculate the normalized radians are glven
in [9,10].

With this rule we try to answer the guestion:
Yhich =ize of model erreors are acceptable in aor-
der not to destroy stability?

This question can not be answered in general. For
a specific number of actuators, measurement
points and coupling curve one can get an empiri-
cal wvalue by a lot of simulations. For the case
of 64 measurement points, 18 actuators and a
coupling curve which is shown in fig. 9b we did
some simulations with different sizes of measure-
ment disturbances. Fig. 9a/b shows a typical re-
sult.

,--| e yg" ':L:hl.r‘l'
| (Yl /) oo Rl )
l [} -ul‘l;! k‘,ﬂ.‘ll ;. |

MEASUREMENT
POSITION

Fig. 9a Simulated cross profile

1 21 42 &%

fig. 9b Coupling curves (1) plant model
(2) identified
In flg. 9a the web grammage profile (nominal va-

lue 80 [g/m?']) with a measurement disturbance of

1 [g/mz:l 1s shown. The identification of the
coupling curve is done with an actuator stimula-
tion of 30 counts that leadz to & maximum respon-

se of approximately 2.8 [q/m‘], The identified
coupling curve is marked by stars in fig. 2b, the
real coupling curve is given by the line. UWith
this identified coupling curve one obtains Gersh-
gorinbands, which satisfy the stability condi-
tions.

Due to a lot of simulations we found that for
disturbances of the ldentlfication step response
up to approximately 30 percent the matrix S re-
mains diagonally dominant.

VIII. OONTROL RESULTS

This point figures out three control situations.
The flrst two are simulated ones. The third s
measured at a real plant controlled by a Lippke
4012 system.

(n
(2}

T T 1

1 21 42 [

Fig. 10a Coupling curves (1) plant model
(2) identified

MEASUREMENT
POSITION

ACTURTORS

Fig. 10c Actuator positions

Fig. 10 shows the simulated coupling curve and
the identified one (stars). The plant is simula-
ted without any disturbances, the web cross pro-
file and the actuator positions for 62 seconds are
tn part(b) and (c) of this {iqure.The o-value cal-
culated according eq.14 is shown in part (d) over
the same time interval. The increasing part at
the beginning results by the stimulation of cne
actuator during the identification cuycle. The
steady state behavicour is shown in fig. 10e by
the start cross profile and the final one.
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(1)
(2)

1 21 Az L]
Fla. 10e cross profile (1) start profile
= (2) end profile
Fig. 11 sketches the second simulation rum with
three locked actuators (positions: 5,6,12).

MLALUREMENT
POSITIONS

Fig. 1la Grammage cross profile

A 2 Mty —— 1OCKED
/\/4 ACTUATORS
1 '21 .a‘ll (L3 :

Fig. 11b Final cross profile (1)

The cross profile over the whole simulation time
i= in part [(a) of this fiqure. Part (b ) shows
the final profile. One can see that the [inal
profile is not se good as in the first simulation
run especially at the regions where the actuators
are locked. However, the whole multivariable loop
iz stable.

The last fig. 12 shows the o-value of the gram-
mage cross profile of a paper machine which was
controlled by the above described algorithm.

After an identification cycle the contrc-ll loop
decreased the o-value very fast (compare fig. 12a

with fig. 10d). y

@ - VALUE

Fig. 12a g-value

Fig. 12b Start profile

Fig., 12¢ End profile

ITTETeR

The start profile and the steady state profile
are given in part (b) and (c¢) of this figure.

IX. CONCLUSIONS

We did this simulation and control tests with a
lot of different paper qualities. The measured
results were always in a good agreement with the
simulated ones as shown in the example case
above, This indicates, that the control loop
shown in fig. 8 is an acceptable sclution for the
discussed control problem.
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