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Abstract. The paper' dis(;usses a s elf tuning cont rol aly()r'ithw fOI a multivaria­
bie-plar;t aPJJli8d to a gr'aHmage cr'oss profil~' control of a paper machine . Th", 
plant mode l represents the stead'J-state cOllp1in9" as well a" the dynam1cs bE,ha­
v iour of the sIJstem. The control algol- ithm handles Sp?C ial SIt uations including 
the case where the nl.D11f-.J€r~ of measurernE='nts is tlot /?qual to the llt..nn.b?r ·:>f actua­
t or's and th-=: ca..:;e whE-r'e sr....ecial actuator's are locked. 

Th,? \',1hole idetltifJcation algc'f ' lthrn with a S I:~cL;Jl filter" and an E·stjm .. ~t10n elf 
the recl.'.lired measurement acrTWClCll foC' a su('c:e~flll i-:ientifiroatlon of thE:! st.eachl­
state cc'uplings will be diSCUSSE:d . The ~"'p=r s l1'Y,os how to pr'oof the st.abll!ty 
e.f the control system inr.::!uding the C.3SAS of lor;ked a·:-tuai:ors a)ld id~l1t lfica­

t ion er-rors. 

F' ina 11 ~. the vJhol e e',)n1:n:,l syst~nl is Vtr' i f 1I.~d LJY Ut house 3 iInu}..=tt It)ns arid clt a 
real plant. The obta ined contr'ol rf:~Sl.lJ ts c'n"'€"' ,Ji~ ·:;1 1SSI:..d. 

l\ey'"of'US. Computel- Control, Direct Digital COnll-.:.I, Pa!kr I"dust1'1l . P"'P'O"- Cro,;::; 
Pro{ileCont rr:, 1 , MuJ t 1 var labl e Contro 1 Sqsf ernes. DE-coupl 1 ng. ~~tabi II tlJ 

I. INTRODUCTION 

P.4pt-2'f" arid extr'uded plast i·:';3: ar'e produc:ed CIAlt 1 n1J­

olJsly o n fast r unning ma,:,hin\?s Wl th III'8b \..Jidth 'Jr:' 
te, 10 m. 

Tile quaJ i ty requlrl~ments in }:>r.Jf.J8r and (:xtruSl(,n 
coating prodLlctions ar'? very high. especiall lJ [01-
lc,w vdridn'::-8 in c.:1~OS·S direction. Thr:.:· maln cp.l811'11J 
she.;.t pararneters .. ) f interest art:: 

• gra1fmag~ 

• TOO istun:~ ce·ntent 
• cal iper. 

The qual 1 bj par'arneters; acr'Cr8S thl.~ I,>...IE:b can ~ 1 n­

f lueno.::ed b1J SE: ver'al ac:tuo.tors as 

• s ll ce p.vs i t ioner's at t he head h:,x 
(grarrnldg'> ) 

• steam showers (mois ture ) 
• infrar'ed heate,'s (loolsture) 
• air ", hower's (Galipel-. slTJoothness) 
• i nduc tIve h?'atlr1g (:oils (caJ lper, 

smoothness) 

ThE: actuators consli;t e,f several equal parts. 
",h,,::h a r e controlled 1noependently and influence 
areas of different size of the web. 

For cross proi' i le gralTUnage contro 1 the s I ice ope­
ning of the head bo" is changed. Due to the phy­
sical intera'~t ion bE,tween actua t or, web and the 
flow in thl? head box. a S Ingle actuato r element 
influence br'oad areas of thE: sheet. Th is resul ts 
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In strong r;olJpl ittgs betwel'"!n the si nqle actuator 
resp.:...ns(~s. Frc.,m ttll':: control poir,t of vi€:'"", tllese 
Inter'ac;tions resul t JI1 an ruultl VF.Wlabl.;- plant 
deS(:T' iption h'lth stron'-:i ,:,oupllngs tJE:-tween the: 
:sinf":;lJ2 contr,)1 loops. Th~:~ ';lraml!ag8 control .lS "hE­
most dem£:tndlng contr c. l 1oof..' compared wit.I ·1 mc·is -
turc and ca i 1 l='lE:r ones. Therefore w-= ',"",!. 11 l ... '"lGtl::; 

',Air inter'est to this qual i ty cor. tn:, I loq .. , The 
derived algor} trull 1,Z; a Is,:, IJseful f,:,)'" ,:, thf:,r kind~ 

0i a~tlJatol""s and contl'o11ed variabll:'s (e:.y . 111,)1::":­

till-e) , 

ThE: lJa,,,r IS oJoJa"J;:ed in 8 ",""ct.io,,;; . The so:co:,"d, 
third and fO'Jrth desc'-Ibes the plant behavioUl', 
th," r{""theIT.,t ical '-",p,'",sen t atlor, alJd the "'J>pl i",,j 
conlrc.l strateg~l. ~~ectlon five is applied tc' the 
identificatlon alge,rlthlll . 

Section fiVE: to nine descrit(:'~ the ('om~,lE=tf> lHlJlti­
variab l8 .;ontrol s ystem, t.hE: ~tab llit.y anal':lS lS 
a.nd comparE: so~ in house simulation rlS'sults 
with ':'onmissioning resul t. s dt a p3~r 1n.:3':"'h lne. 

II. PROCESS DESCRIPTION ---------------------- -
The process has bF"en cl j SCUSSE'd 1n SC'li:"iE: E:ar·ll er 
papr.>r. The work of Beecker an Bar'elss [1] is th", 
most complete early treatment of the subject fl-om 
the cross-profi l-contc("ll pOInt of Vl·~I,.)_ 
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Some later papers of Boyle [2,3.1 and Wilhelm 
[4,5] discusses the \.>eight control in cross di­
rection by actuatol's which are located at the \oIE!t 
end of the machine, too. 

All these papers discusses some spec ial aspects 
of cross prof i le control. This paper tries to 
give a solution for' the completE' problem inclu­

ding an identification procedure and a stability 

proof. 

HO\.>ever, the major problem for the controller de­
sign is the strong interaction of the effects of 
adjacent cross-direction actuatOl' s at the \.>et 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 \.>eb 
width. 

DR'tLlN! 

~'ig. 1 \.let end of a paper machine 

rn order to obtain the s~eady-state behaviour of 
the systems \oIE! assume that the i-th actuator is 
moved. The I'esu 1 t is a decreas i ng or i ncreas i ng 
e.f the mass-flow at this point depending the sign 
of the si ice pos I tioner displacement. Due to 
cross flows in the head box \.>e obtain at the dry-
1 ine a typical response of the gr'arrrnage prof i le 
as shown and described in some papers before (see 
also fig. 2). 

Fig . 2 T'.JPical weight profile responses to slice 
------ displacements in one position 

We call such a response "coupling curve" . One can 
measure this effect on-I ine by scanning sensors 
mounted at several locations within the paper ma­
chine (see fig. 3). 

UIH VI NG 

!':.~ 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. \.le discuss the 
cross direct ion measurements only. These has to 
be calculated from the measured diagonal profil. 
The necessary filter algorithm is not considered 
here. For further information on this point see 
[6]. 

Ill, PROCESS PIOOEl.. 

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

Y1 q1j 

Yi qij u. eq. 
J 

Ym ~j 

'"ith Yi -The measured grammage values in cross 

direction 

q - The values of the coupl ing curve . 
ij 

Considering all actuators eq. 1 expands to the 
matr ix equaUon 

eq. 2 

Normally the number of measured points (m) of the 
web in cross dIrection is not equal t o the n,miller 
of actuator elements (n ) . Accordingly the coup­
ling matrix has the orde r m x n . ['ue t o the fAct 
that the coupling curves influence a part of the 
,,,.,b only the coupling matrix has a band-struc­
ture. 

The dynamic part of the proceSS model can be des­
c ribed by the Jag behav i oul' o f the a'otuato rs and 
a transport dela'J Tt' 

These two effects are represe nted In eq. 3 in the 
frequency domain as 

[>(s ) 

T(s) 

l+T .s 
0 

J eq. 

0 I+T . s 
I 

nxn 

v 
pap 

v - paper veloc ity 
pap 

- distance between actuator and 
measur i ng un i t 

3 

Tne diagonal matrix elements have generally all 
the same value. 
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T. = T 
I 

i = 1.2 n 

finally. the whole process model is shown in fig . 
4 . 

!! 

fig. 4 Block diagram of the process model 

1 V . COIUROI... S'll1I\TEGY 

For the control task it · is most important to in­
fluence the grarrmage 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 coupl ings between contro I 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 ~ we de­

fine eq. 4. 

T R:to eq. 4 

·,.,i th :to the required grarrmage prof i le and RI the 

decoupling matrix. With the goal that ~should be 
I -1 

equal to :to (~ :to) we obtain R = Q . (see al-

;so fig. 5) 

~~ Decoupling with the matrix RI 

In the case o f m > n which is 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 
.of this Index. 

A t.ypical performance Index J for su·:h a problem 
is given with eq. 5 

eq. 5 

with ~ = (:to - ~) 

liinimizing the index J the resul t inq decoupl ing 

11atrix RI can be written as 

eg. 6 

This matrix is the pseudo inverse of Q. The mul­

t.ivarlable system is decoupled by the matrix RI 
and the mul t i var iabl,;, control loop can fUl-theron 
be discussed as a system wi th n independent 
~oops. 

All these loops has the same time constants. This 
yields to identical contro ller paran~ters. 

The complete control loop is described by five 
nBtrices as shown in 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 identical elements res) . 

r(s) 

.. r(s)1 
nxn 

eq. 7 

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

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

on the accuracy of the decoupling nBtrix RI. The 
matrix is calculated from the steady state plant 
model Q which is calculated from the coupl ing 
cur·ves. The identification of the coupling c urves 
IS described in section five. 

V. IDENTIFICATION 

The identi f icat ion is done with a least square 
method. One slice position u. is changed at time 

J 
k and all others remaIn in the o ld positlon. 
Equation 8 describes the response to be measured. 

~(k + d + e) - ~(k + d) 

eq. 8 

d is the transport delay 

is the response time 

both are rated in samplin9 steps. 

In order t. o decrease the influence of measurement 
disturbances the measurements can be repeated s 
t.imes ,,,,ithe·ut slice changes . 

s 
L (y(k + d + e + I) - y(k + cl - I) 
1=0 - -

gj(S+l)(u j (k) - uj(k-l)) eq. 9 

With N changes of the slice positioner one ob­
tains e q. 10 

wi th 

(~(1), 'i,j(2) .. 

s 
L (y(d + 1 + 1 + ie + ( i-1)5) -
1=0 -

~(d - I + 1 + ( i - 1 ) e + I i - 1) s )) 

eq. 10 
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s 
l (u .(1 + (i-1)e + (i-1)s) -
1=0 J 

U
j
«i-1)e + (i-1)s)) 

For the estimation of the gj-terms eq. 11 can be 

used (see [7]). 

T T - 1 T 
gj = (~j ~j) ~j y eq. 11 

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

The ident if ication algor i thm calculates each 
point of the coupling curve indenpendent from its 
neighoours . Due to the physical behaviour of the 
f 10 .... ' onto the web, the coup 1 ing curve must be 
sroooth. 
This knowledge leads to a filter algorithm of the 

coupling ~curve, Whichg(bs shown in fig. 7. 

0·4 

0·2, 

-~.~'~ Fig. 7 Fi It.er· function 

q( i) 

{

e- 1i 1 /aJ1[b~2 e- IJI / a] 

/ ! J=-b/2 

o 1 i l >b/2 

eq. 12 

With the '-""Ighting factor a and the width of the 
fIlter b the filter response can be chosen. 

F 
The filt ered values of the coupling curve 9. are 
calculated with eq. 13 

n 
L: q . g(,!-I) 
.r:: 1 J 

1=1,2, ... n eq. 13 

\/1. STRUC11JRE OF' TIlE I1ULTIVARIABU: SElFl1JM}NG 
CONTROl. LOOP 

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

m 

~ Structure of the mul tivariable selftuning 
loop 

The plant level In fig. 8 describes the basic 

control loc' p WIth the decoupling matrix p'l and 
the contl'o 11er matr 1>: Rd(s). 

The supervisor level observes the control results 
and calculates the necessary 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 resul t is the cs-value of the cross profile 
(see eq. 14 ) 

eq. 14 

m - number of ~asured points in cross direction. 

An other one is the maximum of the difference be­
tween the connEnded and measured value of the 
cross prof i le 

i=l ... m eq. 15 

A practical way is to swi tch the control off and 
start the identification if the e -value or the 

max 
cs value exeeds theIr upper limits. 

The identification results are needed te, calcu­
late a new decoupl ing matr ix. When the ident! f i ­
cation is finished thIS matrix will r-'" used and 
the switch is set back to the basic contr'ol roode. 

VII. STABILITY ANALYSIS 

The stability of the basic control loop ha.s to be 
verified espeCIally in the case o f locked actua-­
tors and errors of the plant model which is us"d 
for decoupllng. 

In order to proof the s tabi 1 i ty of the mult i var' i­
able control loop we break the loop tetween­
Rd (s) and D(s) in f iq. 6. Then Oll", obtaIns for 

the open loop L (s) 

eq. 16 

Assuming that T{s) IS a dIagonal ",,,,tt-ix wi th 
iden t i ca 1 e 1 err..e:1 ts onl;J can change tile J=.IOS 1 t ion (} f 

RI and Tts) in eq. 16 and obtain 

eq. 17 

eq . 18 

~ T'· -l~·T 
WIth (Q QI Q 0 ~ S 

L(s) eq. 19 

In the case of Cl = Q IS ~: equal I and th" "ho l", 
multivarlabl", loop can be wrItten a:.;: a n- slngl", 

loop system since th", J"1'JEjt/'lces Rd(s ), 'I(s), D(s) 

are diagonal ones. 
system is stable 
stable. 

In thiS case the multivarrable 
If the n-single l o e,ps are 

The design of the mtlltivariable loop is now sim­
plified to n-slngle loop deSIgns which can easJly 
be carr' i ed out by we 11 known procedures. 

In such a system a l(lcked actuator' effects that 
one single loop is 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 Q = Q is not a serious one for a 
real plant. The measurement err'ors and disturban-

ces lead always to an identification error Q + Q 
with the result that S is not equal 1. 

However, the above described facts are valid also 
for stability, if the matrix S is a diagonally 
dominant matrix. ror a proof look at [SJ. A sta­
bility theorem based on the concept of a set of 
"normalized" Gershgorinbands and a practical rule 
how to caculate the normalized radians are qiven 
in [9,10J. -
Wi th this rule we try to answer the question: 
Which size of lTXldel errors are acceptable in or­
der not to destroy stabi I i ty" 
This question can not be answered in general. ror 
a specific number of actuators, measurement 
points and coupling curve one can get a n empiri­
cal value by a lot of simulations. For the case 
of 64 measurement points, 18 actuators and a 
couplinq curve which is shown in fig. 9b we did 
some simulations '..Jith different sizes of measure­
ment disturbances. rig. 9a/b shows a typical re­
suI t. 

rig. 9a SimUlated cross profile 

.'. 

21 

fig. 9b Coupling curves ( 1) plant model 
(2) ident If i~d 

(2) 

In fig. 9a the web grammage profile (nominal va-

lue 80 [g/m
2J) wi th a measw-ement disturbance o f 

2 [g/O1 J 1S sho\..'t1. Th., identification of the 
coupling curve is done with an actuator stimula­
tion of 30 counts that leads to a maximum respon-

2 
se of appr'oximately 2.8 [g/m J. The identif ied 
coupl ing curve is marked by stars 1n fig 9b, the 
real coupling curve is given by the line. With 
this identif,ed coupling curve one obtains Gersh­
gor inbands, which sat isfy the stabi 1 i ty condi ­
tions. 

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

VIII. a>NIROL Rl=SUl.:rs 

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

(2) 

21 

Fig. lOa Coupling curves (1) plant n~del 
(2) identified 

rig. lOb Grammage cross profile 

~Oc Actuator positions 

rig. 10 shows the s1mulated coupl ing curve and 
the identified one (stars). The plant is simula­
ted wi thollt any disturbances, th", web cross pro-

file and the act uator pos it ions f (.r 62 seconds are 
In part(b) and (c) of this f igllre.The a-value 9al -
culated according eq.14 is shown 1n part (d) over 
the same time interval. The lncreasing part at 
the beginning I'esul ts b'J the stimulation of one 
.3ctuator during the identIflcati o n c'Fle. The 
3teady state behaviour is shown in fig. 10e by 
the start cross profile and the final one. 

Q 

'\ 
\ ~(Id a-value 

'--------
TIME 

" 
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~ig . 10e cross profile (1) start profile 
(2) end I"rofile 

Fiq. 11 sketches the second sim'llation run with 
lh~ee locked actuators (positions: 5,6,12). 

Fig. 11~ Grammage cross profile 

~ - - LOCKED 

ACTUATORS 

I " 41-
Fig. l1b Final cross profile (1) 

The cross prc'! i le over the whole simulation time 
le; In rart (a) o f this figure. Part (b ) shows 
t 1"1<;- f i na I pr 0 f i 1" . One can see t ha t the f i na I 
pr'ofile is not so good as in the first. simulation 
rJn eS]:)ecially at the regions where the actuator's 
are locked. However, the whole multivariable loop 
i:~ stable. 

The last fig. 12 shows the o-value of the gram­
mage cross profile of a pa]:)er machine which was 
c o ntrolled by the aoove described algorIthm . 

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

wi th fig. 10d). 

(7 - VALUl:. 

T IME 

Fig. 1201 a-value 

I 
!"ig. 12b Start profile 

I .. ~ Ad •• 

rig . 12c End profile 

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

IX. alNCLUSIONS 

We did t.his simulation and control tests with a 
lot of different pa]:)er qualities. The measured 
results were a lways in a good agreement wi th the 
simulated ones as shown in the example case 
above. This Indicates, that the control loop 
shown in fig. 8 is an acceptable solution for the 
discussed control problem. 
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